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ABSTRACT
We present a comprehensive infrared study of supernova remnants (SNRs) in the
Large Magellanic Cloud (LMC) using near- to mid-infrared images taken by Infrared
Array Camera (IRAC; 3.6, 4.5, 5.8, and 8 µm) and Multiband Imaging Photometer
(MIPS; 24 and 70 µm) onboard the Spitzer Space Telescope. Among the 47 bona fide
LMC SNRs, 29 were detected in infrared, giving a high detection rate of 62%. All 29
SNRs show emission at 24 µm, and 20 out of 29 show emission in one or several IRAC
bands. We present their 4.5, 8, 24, and 70 µm images and a table summarizing their
Spitzer fluxes. We find that the LMC SNRs are considerably fainter than the Galactic
SNRs, and that, among the LMC SNRs, Type Ia SNRs are significantly fainter than
core-collapse SNRs. We conclude that the MIPS emission of essentially all SNRs origi-
nates from dust emission, whereas their IRAC emissions originate from ionic/molecular
lines, polycyclic aromatic hydrocarbons emission, or synchrotron emission. The infrared
fluxes show correlation with radio and X-ray fluxes. For SNRs that have similar mor-
phology in infrared and X-rays, the ratios of 24 to 70 µm fluxes have good correlation
with the electron density of hot plasma. The overall correlation is explained well by the
emission from collisionally-heated silicate grains of 0.1 µm size, but for mature SNRs
with relatively low gas temperatures, the smaller-sized grain population is favored more.
For those that appear different between infrared and X-rays, the emission in the MIPS
bands is probably from dust heated by shock radiation.
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1. INTRODUCTION
Before the Infrared Astronomical Satellite (IRAS) was launched, studies of supernova remnants
(SNRs), in particular, surveys of a large number of SNRs had been carried out mainly in the radio,
optical, and X-ray regimes. The All-Sky survey of the IRAS enabled us to complete an infrared
(IR) survey of Galactic SNRs in 10 to 100 µm bands for the first time. Arendt (1989) examined
157 objects and found 51 SNRs with probable IR emission. Later on, Saken et al. (1992) carried
out an independent survey of the IR emission for 161 Galactic SNRs and could find clear IR
emission from 35 SNRs with nine additional possible detections. Both studies showed that about
30% of the known SNRs exhibit some evidence of IR emission related to the SNRs. The IR
spectra of SNRs were regarded in general to be dominated by thermal emission from dust. Based
on the measured IR fluxes of the SNRs, it is found that young SNRs show stronger emission at
12 and 25 µm while older SNRs do at 60 and 100 µm (Saken et al. 1992). This suggested the
relation between the evolution of SNRs and dust properties in the SNRs. The IR emission was
compared to radio and X-ray emission, both of which generally showed good agreement in their
morphologies. Also, some Galactic SNRs showed the morphological similarity between the IR and
optical emission implying significant contributions from line emission although any direct evidence
for the contributing line emission could not be clearly confirmed (Arendt 1989). Since the moderate-
to-severe source confusion in or near the Galactic plane was inevitable toward the Galactic SNRs,
the detection of IR emission in them and the interpretation of it would be limited.
Subsequently, the Infrared Space Observatory (ISO) observed several SNRs by ISOCAM (2.5–
17 µm), ISO-SWS (2.4–45.4 µm) and/or ISOPHOT (between 2.5 and 240 µm), and its high spatial
resolutions and the spectroscopic capabilities provided detailed IR structures and the physical ori-
gin of the IR emission in the SNRs (e.g., Gallant & Tuffs 1999; Tuffs et al. 1999; Douvion et al.
2001a,b). Lagage et al. (1996) revealed a very good spatial correlation between gaseous ionic emis-
sion and dust continuum in Cassiopeia A (Cas A) using the ISOCAM, which implies dust formation
in the ejecta. Later on, Douvion et al. (2001a) derived composition of the SN-origin dust using ISO-
CAM and ISO-SWS spectra and discussed the dust heating in Cas A. For three other young Galactic
SNRs, the ISOCAM observations showed that the mid-IR (MIR) emissions in the Kepler and Ty-
cho SNRs are dominated by circumstellar and/or interstellar dust rather than the SN-origin, and
that the MIR emission in the Crab is dominated by synchrotron radiation (Douvion et al. 2001b).
However, the ISO observations were made only for selected historical SNRs (e.g., Tycho, Cas A,
and SN 1987A) or plerionic SNRs such as the Crab and SNR 0540–69.3 in the Large Magellanic
Cloud (LMC).
Almost two decades later, the Spitzer Space Telescope offers another opportunity to attempt
IR surveys of SNRs. Toward the inner Galactic plane (10◦ < l < 65◦ and 285◦ < l < 350◦, |b| < 1◦),
two Spitzer surveys, GLIMPSE (Benjamin et al. 2003) and MIPSGAL (Carey et al. 2009) provide
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IR data with higher angular resolution and sensitivity in the four bands (3.6, 4.5, 5.8, and 8.0 µm)
of the Infrared Array Camera (IRAC) and the first two bands (24 and 70 µm) of the Multiband
Imaging Photometer (MIPS), respectively. In particular, the IRAC bands cover near-IR (NIR)
wavelengths that the IRAS did not, so we can investigate diverse origins of NIR emission, including
ionic/molecular line emission and polycyclic aromatic hydrocarbon (PAH) emission. Lee (2005) and
Reach et al. (2006) presented new NIR surveys of 100 and 95 SNRs in GLIMPSE, respectively, and
as a complement, Pinheiro Gonc¸alves et al. (2011) searched for MIR counterparts of 121 SNRs in
MIPSGAL. In the area covered by these Spitzer surveys, the previous IRAS surveys by Arendt
(1989) and Saken et al. (1992) found possible emission from 12 and 14 remnants, respectively, with
only seven in common between each other. On the other hand, Lee (2005) and Reach et al. (2006)
identified 16 and 18 Galactic SNRs in the IRAC bands respectively, and Pinheiro Gonc¸alves et al.
(2011) did 39 Galactic SNRs in the MIPS bands. Using GLIMPSE, it is found that the remnants
interacting with dense ambient medium lose most of their energy in the shock through molecular
or ionic lines. Using MIPSGAL, dust temperatures and masses in the Galactic SNRs are estimated
to range from 45 to 70 K and from 0.06 and 2.60 M⊙. A correlation is found between the total
MIR fluxes (24 and 70 µm) and the 1.4 GHz non-thermal radio fluxes as seen in external galaxies
(Helou et al. 1985). However, the detection rates of the IR emission still remain about 19% and 32%
for the IRAC and the MIPS bands albeit the improvement of the data quality, and it is probably
because of the inevitable confusion with back/foreground sources and diffuse emission in the line
of sight.
In this context, the LMC is the best place to study IR emission from SNRs as it is devoid
of bright IR sources from the Galactic plane. Currently, there are more than 50 SNRs with sev-
eral SNR candidates reported in the literature (e.g., Badenes et al. 2010; Desai et al. 2010), and
new identifications of SNRs are still ongoing (e.g., Grondin et al. 2012). Using IRAS observa-
tions, Graham et al. (1987) discovered IR emission from three out of four LMC SNRs, of which a
considerable fraction could originate from dust grains heated by collisions with hot plasma. As a
survey of the LMC SNRs, Schwering (1989) identify five out of 25 SNRs showing good quality IR
emission as well as eight with possible IR emission. While these early studies are constrained by
the limited resolution and sensitivity of the IRAS, more detailed studies of LMC SNRs have re-
cently been carried out by using Spitzer imaging and spectroscopic data (e.g., Williams et al. 2006;
Borkowski et al. 2006a; B. Williams et al. 2006). Besides the Spitzer data, there is an IR survey
of the LMC by the AKARI satellite (Ita et al. 2008; Kato et al. 2012). The AKARI LMC survey
covers ∼ 10 deg2 of the LMC including 21 SNRs in five bands (3, 7, 11, 15, and 24 µm). Using
the AKARI LMC survey data, Seok et al. (2008)1 identified eight SNRs that have associated IR
emission in the NIR and/or MIR bands including three Type Ia SNRs and six core-collapse SNRs
(CCSNRs). However, all these works are restricted to limited numbers of SNRs, instead of the
entire SNRs in the LMC. By surveying the entire sample of LMC SNRs and examining their prop-
1This paper missed one SNR, N158A (SNR 0540–69.3), of which pulsar wind nebula actually shows IR emission
in the AKARI bands. Hence, nine SNRs, in total, show IR emission in the AKARI LMC survey.
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erties statistically, we may characterize the IR emission from the LMC SNRs and investigate their
dependence on environments. Furthermore, the LMC SNRs can be compared with the Galactic
SNRs to assess systematic differences caused by differing dust composition and metallicity.
In this paper, we present the investigation of 47 confirmed LMC SNRs in the 3.6 to 70 µm bands
using all available Spitzer data. In addition, we compile the fundamental properties of the SNRs
such as size, SN type, and age to interpret these IR properties. We find that 29 out of 47 SNRs
show associated IR emission and that IR emission is generally correlated with X-ray/optical/radio
emission. We discuss differences between the LMC and Galactic SNRs, the origin of their IR
emission, and the global perspective of shock processing in LMC SNRs based on IR colors and
spatial coincidence with emission at other wavelengths.
2. DATA AND SNR IDENTIFICATION
To search for IR emission from SNRs in the LMC, we examine all available archival data of
Spitzer at individual positions of the 47 SNRs. There is an imaging survey of the LMC (∼ 7◦×7◦),
the Surveying the Agents of a Galaxy’s Evolution (SAGE) survey (Meixner et al. 2006). The SAGE
survey provides uniform and unbiased data covering all known LMC SNRs2 in all IRAC and all
MIPS (24, 70, and 160 µm) bands. In addition to the SAGE data, there are a number of Spitzer
observations toward LMC SNRs. Particularly, there is a separate survey of Magellanic Clouds
SNRs (PI: K. Borkowski) to investigate both the formation and destruction process of interstellar
dust related to SNRs (e.g., Borkowski et al. 2006a; B. Williams et al. 2006). This survey conducts
deep MIPS 24 µm imaging observations of 33 LMC SNRs, as well as several IRAC and MIPS 70
µm imaging toward some SNRs. All Spitzer data, including the SAGE survey are retrieved from
the Spitzer Heritage Archive, and the data set we used are post-Basic Calibrated Data created by
the standard Spitzer software (ver. S18). In this paper, we used the deepest Spitzer imaging data
of LMC SNRs among the all available data, and the data set we used is summarized in Table 1.
Although SNRs in the LMC have less confusion by IR emission from the Galactic sources
compared to Galactic SNRs, it is often required to disentangle IR emission of an SNR from IR
emissions of other objects in the LMC. Since a CCSNR can be embedded in an H II region or an
H II complex, it is sometimes difficult to confirm IR emission associated with the SNR based only
on IR images. As IR morphology can show similarities to those seen at other wavelengths, we can
be assured by comparing the IR data with other multi-wavelength data such as Australia Telescope
Compact Array (ATCA) 4.8 and 8.6 GHz radio survey data3 (Dickel et al. 2005), optical images
2Badenes et al. (2010) combined previous SNR catalogs and listed 54 LMC SNRs in the paper. We checked that
all of them are covered by the SAGE survey, but we consider 47 SNRs in this paper because some objects still need
further confirmation.
3http://www.atnf.csiro.au/research/lmc ctm
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from Magellanic Cloud Emission Line Survey.4 (MCELS; Smith et al. 2000), and X-ray images
from Chandra Supernova Remnant Catalog5 Figure 1 shows the coverage of the SAGE survey
with the positions of 47 LMC SNRs on a true color image made of the MCELS data. Almost
all SNRs are included in the SAGE, the MCELS, and the ATCA survey, and a half of them are
observed by Chandra.
When diffuse IR emission from an SNR is faint compared to nearby point sources, it is also
difficult to identify IR emission from the SNR, especially at shorter wavelengths. To avoid confusion
by point sources, we apply point source subtraction to all IRAC images using Point Spread Function
photometry with an IDL (Interactive Data Language) code, StarF inder (Diolaiti et al. 2000). If
necessary, point-source subtracted MIPS 24 µm images are used for further analysis, too. Our
strategy to identify IR emission associated with SNRs is very simple. Firstly, we search for a well-
defined structure such as a shell, a filament, or a sharp boundary, and so on at the location of each
SNR in any band (mainly 24 µm band but one of IRAC bands for some cases). Then, we check
the morphological similarity between the IR structure and the structures seen in X-ray, optical,
or radio to confirm its association to the SNR. When the association is clear, then we search the
rest of the IR band images including point-source subtracted images for the same structure. After
carrying out all processes described above, we find 29 out of 47 SNRs showing IR emission in several
IR bands. IR morphologies of 13 SNRs are reported for the first time in this paper: 0450–70.9,
SNR in N4, N86, DEM L72, SNR in N206, DEM L238, DEM L241, DEM L249, DEM L256, SNR
in N159, DEM L299, DEM L316A/B. In addition, although the detections of N11L at 4.5 µm and
N103B at 24 µm are previously reported (Williams et al. 2006; B. Williams et al. 2009), we can
also identify their IR emissions in other Spitzer bands; N11L is additionally detected in IRAC 3.6
and 5.8 µm bands and MIPS 24 and 70 µm bands, and knotty emission of N103B is also detected
in four IRAC bands. Non-detected sources are mostly confused by surrounding objects, and a few
are too faint to be compared with the background.
The results of the IR detection by Spitzer are summarized in Table 1. All detected 29 SNRs
show IR emission in the MIPS 24 µm band, and 20 out of 29 are also seen in the IRAC bands. Table
1 also contains the general properties of all SNRs in the LMC including SN type, SNR age, and the
results of the AKARI detection from the literature. Among 47 SNRs, 11 and 21 are known to be
Type Ia and CCSNRs, respectively, and the SN types of the rest are still uncertain. The youngest
SNR is SN 1987A, and ages of the oldest SNRs can reach hundreds of thousands years (e.g., SNR
0450–70.9, N86, and DEM L72). We measure 4.8 GHz radio fluxes of 44 SNRs within the ATCA
survey and list them in Table 1 for further analysis. The size of the source aperture to measure
the radio fluxes is defined as two times larger than the size of each SNR in Table 1, which is large
enough to collect most emission from an SNR taking into account the beam size of the ATCA
(HPBW∼ 33′′). If a remnant was smaller than 1′, we applied a circular aperture with a diameter
4http://www.ctio.noao.edu/mcels/
5http://hea-www.harvard.edu/ChandraSNR/
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of 2′. The background intensity is estimated from an annulus of each source aperture. When a
source is severely confused with its surrounding region, the contaminated parts are excluded. The
statistical errors (1 σ) of the 4.8 GHz fluxes are less than 5%.
IR morphologies at 4.5, 8.0, 24, and 70 µm of all 29 SNRs are shown in Figure 2–7. The 4.5
µm and 8.0 µm IRAC band images are point source subtracted. MCELS Hα and Chandra X-ray
images are shown for comparison. Most of the detected SNRs show shell-like structures in the MIPS
24 µm band. In particular, nine SNRs identified only in the MIPS bands clearly manifest shell-like
morphologies which correspond well to their X-ray morphologies (e.g., DEM L71, N23, SNR 0519–
69.0, N132D). In the IRAC bands, we investigate both the original and the point source subtracted
images to examine diffuse emission against severe confusion by point sources. Many of the SNRs
detected in the IRAC bands have good spatial correlations with their optical morphologies. Some
SNRs show complete shell structures that are sometimes different from their morphologies seen
in the MIPS bands. For other SNRs, filamentary or patchy emissions are only distinguished, and
several knots are also detected. More details on each SNR are described in the Appendix.
3. IR PROPERTIES OF SNRs
3.1. IR Fluxes and Colors
For the newly identified SNRs, their fluxes in each band are estimated using the point-source
removed IRAC and original MIPS images. If there are bright point sources in MIPS images, we
also removed them. We determine areas with IR emission clearly associated with SNRs for flux
measurement, and the extracted SNR regions are marked in Figure 8. Background subtraction
is coherently applied by using an annulus of the extracted region with 15′′ in width. As SNRs
tend to be embedded in bright H II regions or H II complexes (e.g., SNR in N159), however, it is
sometimes difficult to define their own IR emissions. Also, in some SNRs (e.g., DEM L241), the
associated IR emission features vary with wavebands. In those cases, fluxes are measured from
restricted regions instead of from the entire remnant. For the previously-known IR SNRs, we adopt
the fluxes from the literature. If the adopted 24 µm fluxes were measured from limited areas in
spite of the presence of IR emission in the whole area, we also derive 24 µm fluxes from the entire
area for further comparisons. Finally, we accumulate the newly estimated fluxes and the previously
estimated fluxes in Table 2.
Figure 9 shows the distribution of SNRs in the 24 µm and 70 µm flux plane. There is a
correlation between the fluxes, which is expected to some extent because the emission at 24 and 70
µm are usually dominated by dust continuum, although the dust populations contributing to these
wavelengths can be different (e.g., Cas A; Hines et al. 2004). It is worth noting that the median
24 µm flux is 31 mJy for Type Ia while it is 46 mJy for CCSNR (71 mJy for the unknown type).
The median absolute deviations are 28 mJy, 50 mJy, and 33 mJy for Type Ia, CCSNR, and the
unknown type, respectively. Considering that the fluxes of many CCSNRs are derived from limited
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areas, CCSNRs are significantly brighter than Type Ia SNRs in general. CCSNRs such as SNR in
N159 could have contaminations from emission of associated H II regions in their flux measurements
even though we attempted to exclude those regions, but emission from most CCSNRs are likely to
originate from themselves. Also, the SNRs interacting with molecular clouds are brighter (Section
3.2.1). Assuming that both 24 and 70 µm fluxes originate from dust continuum, these fluxes can
be used to estimate the dust mass and temperature by adopting a modified black-body of single-
component dust. Flux density, Fν , can be given by
Fν =
κνBν(Td)
d2
Md, (1)
where Td is the dust temperature, Md is the dust mass, κν is the dust mass absorption coefficient,
Bν is the Planck function, and d is the distance to the LMC (50 kpc). The absorption coefficient
is adopted from the “average” LMC model of Weingartner & Draine (2001)6. According to the
ranges of dust temperature and dust mass in Figure 9, the 24 and 70 µm fluxes of the SNRs can
be explained by Td ∼ 45 to 80 K and Md . 0.001 to 0.8 M⊙. The range of dust temperature in the
LMC SNRs is consistent with that in Galactic SNRs (dashed line in Figure 9), which is between
∼ 45 and 85 K, assuming κν ∝ ν
β when β = 2 (Pinheiro Gonc¸alves et al. 2011). Furthermore, the
range of dust mass agrees with that of the Galactic SNRs varying from 0.008 M⊙ for Cas A to 2.5
M⊙ for W44 (Pinheiro Gonc¸alves et al. 2011).
Similarly, Figure 10 shows the distribution of SNRs in the 8 µm and 24 µm flux plane. As
half of the SNRs do not show 8 µm emission, for clarity we do not show their upper limits in the
diagram. If we compare this with the black-body model as in Figure 9, the 8 and 24 µm fluxes can
be reproduced by dust emission with a wide range of mass (Md ∼ 2× 10
−7 to & 8× 10−4 M⊙) and
relatively high temperatures (Td ∼180-440 K). These dust properties are not consistent with those
derived from the MIPS emission, which indicates that the 8 µm fluxes cannot be explained with the
same dust properties from the MIPS emission. Moreover, the dust temperature derived from 8 to 24
µm ratio seems to be much higher than the typical ranges (∼40-100 K) for SNRs in the literature
(e.g., Borkowski et al. 2006a; B. Williams et al. 2006; Seok et al. 2008; Pinheiro Gonc¸alves et al.
2011) and in this work. Thus, we suppose that the IRAC band emission is of a different origin from
the MIPS emission (see Section 4.2).
Nevertheless, it is interesting that those with both 8 and 24 µm fluxes show a rough correlation.
Assuming that the IR emission is from radiatively-heated dust, this correlation can be reproduced
by models of Draine & Li (2007), which are calculated for dust mixtures of amorphous silicate and
graphitic grains heated by starlight. We adopt three cases for the LMC with three different mass
fractions of PAHs and derive Spitzer fluxes varying starlight intensities (uν = Uu
MMP83
ν , U : a
scaling factor, uMMP83ν : the interstellar radiation field estimate by Mathis et al. (1983) for the solar
neighborhood) and dust masses (Md = 1 and 100 M⊙) with the dust emissivity (jν).
7 As the dust
6http://www.astro.princeton.edu/∼draine/dust/dustmix.html
7http://www.astro.princeton.edu/ draine/dust/irem.html
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mass or the starlight intensity increases, both 8 µm and 24 µm fluxes increases. Those very bright
SNRs such as N49 or SNR in N159 require either a large amount of dust masses (Md & 100 M⊙)
or very high starlight intensities (U & 103), and such large dust masses could be unreasonable for
SNRs. Andersen et al. (2011) derive the strengths of the radiation field for Galactic SNRs adopting
the “on-the-spot” approximation (so called in Case B), which range from about 10 to 4800 relative
to the general interstellar radiation field. This indicates that very small grains heated by a very
strong radiation field, in addition to possible contamination from line emission, might contribute
to the IR emission in the 8 µm band of some SNRs. However, it should be further confirmed which
one is the dominant origin of the IR emissions in the SNRs between collisionally-heated dust and
radiatively heated dust. The SNRs having 8 µm fluxes higher than the model calculations such as
DEM L72 or DEM L249 could be explained if the PAH mass fraction increases (qPAH > 2.37%).
This is indeed consistent with the PAH-dominated SNRs categorized according by the IRAC colors
(see next and Figure 11). The high PAH abundance has been noticed in several Galactic SNRs
showing signs of interactions with a surrounding molecular cloud (Andersen et al. 2011). Their
PAH abundances are higher than those observed in the diffuse ISM in the Milky Way, which
is interpreted as a result from shattering large grains (e.g., Jones et al. 1996; Seok et al. 2012).
Hence, the relatively bright 8 µm emission of the LMC SNR might also suggest fragmentation of
large grains in shock.
For the SNRs detected in the IRAC bands, we examine their IRAC colors ([F3.6/F5.8] and
[F4.5/F8]) in Figure 11. It is known that the origin of NIR emission can be inferred by the IRAC
colors (Reach et al. 2006). Presumably, IRAC colors associated with ionic/molecular shocks or
PAH bands are adopted from Reach et al. (2006), and colors for synchrotron emission are drawn
from varying spectral indices. Representative Galactic SNRs (Crab, Cas A, RCW 103, and IC
443) are also shown (Temim et al. 2009; Pinheiro Gonc¸alves et al. 2011, and references therein).
IR emission from Crab nebula is dominated by a synchrotron emission, while RCW 103 and IC 443
are well known to be dominated by ionic line emission and molecular line emission, respectively.
Most LMC SNRs fall on the area for SNRs associated with molecular shocks, while several fall
on the area for SNRs with PAH emission, and only few have IRAC colors associated with ionic
shocks. However, note that IRAC colors of N49 and N63A, known to be ionic-line dominated (e.g.,
Williams et al. 2006), fall in color ranges for molecular shocks. This indicates that one should be
cautious to interpret the origin of the IRAC colors using this diagram, and those having both ionic
(e.g., [Fe II] 5.34 µm) and molecular line emission (e.g., H2 1-0 O(5) 3.235 µm, 0-0 S(7) 5.512 µm)
might have [F3.6/F5.8] similar to the lowest value for molecular shocks.
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3.2. Comparison to Multi-wavelength Data
3.2.1. IR versus X-Ray
We compare the MIR morphologies of the SNRs to their X-ray morphologies by using the
archival Chandra data (Figures 2–7 and Figure 12) andXMM images from the literature (Klimek et al.
2010; Bamba et al. 2006; Maggi et al. 2012). Among the 29 IR SNRs, nine SNRs, mostly shell-like
SNRs, show strong spatial correlations between MIR and X-ray emissions. Four SNRs (N49, DEM
L238, N158A, and SNR 0548–70.4) show similarities with some minor differences (Figure 12). 12
SNRs show considerable discrepancies between the IR and X-ray morphologies (Figure 12), and
there are no available X-ray data for the other four SNRs. The 12 SNRs with spatial discrepancies
and four with both similarities and differences are listed in Table 3, and among the 16 SNRs, the
12 remnants with the archival Chandra data are shown in Figure 12. There are various mechanisms
that deform the IR morphology of the SNR, and the different morphologies in the IR and X-ray
seen in these 16 SNRs can be the result of interactions with nearby molecular clouds. When an
SNR interacts with an ambient molecular cloud, MIR emission can originate from dust heated by
UV radiation from shocks (not by electron collisions) and can have considerable contributions from
ionic/molecular emission lines. This suggests that those SNRs are likely to show line emissions
in the IRAC bands. In addition, the dense regions having interactions with an SNR can protect
PAHs against complete destruction by shocks, so these SNRs might have PAH emission in the
IRAC bands. In fact, NIR emissions in one or several IRAC bands are detected for the 12 out of
16 SNRs; The IRAC colors of three SNRs (DEM L72, SNR in N206, and DEM L249) are similar to
the colors for PAH emission, and the colors of the others are similar to those for ionic or molecular
shocks (Figure 11).
We compare Spitzer 24 µm fluxes ([νFν ]24µm) to Chandra wide band (0.3-10 keV) X-ray
fluxes in Figure 13. Available X-ray fluxes of 17 SNRs are taken from the Chandra SNR catalog,
but the X-ray fluxes of DEM L205 and DEM L241 are from the XMM-Newton observations8. While
all X-ray fluxes are measured from whole SNR regions, 24 µm fluxes of some SNRs are estimated
from specific parts of the remnants, so only 24 µm fluxes from whole SNRs can be used for the direct
comparison. The 24 µm fluxes show relatively good correlation with the X-ray fluxes, which can
be expected by the morphological similarities between the 24 µm and X-ray images (e.g., Figures 3
and 4). However, six SNRs in the diagram have spatial discrepancies in the IR and X-ray emissions,
so it is worth to separately examine the SNRs with or without the spatial correlation. We perform
a linear fit to the fluxes in a logarithmic scale. While the best fit using the fluxes measured in
the whole SNRs is given as [νFν ]24µm = (0.99
+0.40
−0.14) × FXray, the fluxes from the SNRs with the
morphological similarities can be fitted with [νFν ]24µm = (0.43
+0.14
−0.11) × FXray. Also, we estimate
8Although the energy coverages of XMM-Newton (0.2-5 keV and 0.5-10 keV) are different from that of
Chandra, the missing fluxes caused by it could be less than 30%-40% based on calculations using PIMMS
(http://cxc.harvard.edu/toolkit/pimms.jsp). Thus, we suppose that the XMM-Newton fluxes are comparable with
the Chandra fluxes.
– 10 –
correlation coefficients of all SNRs in the diagram and of SNRs with good spatial correlations,
which are 0.87 and 0.97, respectively. A strong correlation between IR and X-ray fluxes is expected
for the latter SNRs because dust grains in those SNRs are collisionally heated by gas species in the
hot X-ray emitting plasma (see Section 4.3).
The Spitzer [F70/F24] ratios are compared with X-ray surface brightness (Figure 14). There
is a trend that the [F70/F24] decreases as the X-ray surface brightness increases. Even SNRs with
their IR fluxes extracted from limited areas also follow this trend, while their X-ray brightnesses
are measured from the whole. The relation for those with the good spatial correlations can be
approximated by a function of [F70/F24] = 12.1
+3.9
−3.0 ×Σ
−0.84±0.14
X whereas all data with total fluxes
are fitted by [F70/F24] = 7.2
+1.7
−1.4 × Σ
−0.43±0.09
X . This trend is expected because the equilibrium
temperatures of dust grains in SNRs is physically related to the electron density of X-ray emitting
plasma (see Section 4.3 for details). In the hot plasma with a higher density producing relatively
brighter X-ray emissions, dust grains can be heated up to higher temperatures due to frequent
collisions with electrons, which results in a low [F70/F24] ratio. The Galactic SNR, G292.0+1.8
also shows a similar trend (see Figure 5 in Ghavamian et al. 2012). For the IR as well as X-ray
fluxes extracted from different regions in G292.0+1.8, the [F70/F24] ratio shows a declining trend
with increasing X-ray surface brightness. They also interpret this trend due to dust heating by
electrons from hot post-shock plasma. Moreover, using this trend, the elevated IR to X-ray flux
ratios of several regions in G292.0+1.8 are attributed to higher dust-to-gas ratios than different
parts of the SNR. However, one should be cautious when interpreting the correlation, because the
MIR emission in some SNRs can have a contribution from ionic line (or synchrotron) emission.
Also, as Ghavamian et al. (2012) mentioned, the X-ray surface brightness can be overestimated
due to ejecta emission which is not related to the shocked circumstellar (or interstellar) dust.
3.2.2. IR versus CO Emission
For those 16 SNRs with the IR-X-ray morphological discrepancies, we examine the existence of
CO emission around each SNR to find more direct evidence for the interaction with molecular clouds
(Figure 12). For the inspection, we use the masked CO intensity map9 from the MAGMA Data
Release 1 (Magellanic Mopra Assessment; Wong et al. 2011). The MAGMA survey consists of CO
(J = 0 → 1) observations done by the Mopra 22 m telescope, which covers ∼ 100 giant molecular
clouds (GMCs) selected based on a previous survey for GMCs in the LMC, the NANTEN survey
(Fukui et al. 2001). The detection limit of the MAGMA is approximately ICO = 2 K km s
−1 (or
N(H2)∼ 1.4× 10
22 cm−2). Since the MAGMA survey does not cover all LMC SNRs, we also refer
to images of the NANTEN survey from Figures 1 and 2 in Desai et al. (2010). Among those 16
9The masked intensity map is made by masking by the 3-σ contour of a cube that has been smoothed
to a 90′′ resolution, then integrating from 200 to 305 km s−1. The data can be downloaded from
http://mmwave.astro.illinois.edu/magma/DR1/.
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SNRs, seven remnants actually show the association with molecular clouds in the MAGMA and/or
NANTEN surveys; N49, DEM L241, DEM L249, DEM L256, N157B, SNR in N159, and N158A
(Table 3). In addition, we detect a CO emission adjacent to the southern boundaries of three
SNRs, N11L, SNR in N206, and DEM L316B. Since the NANTEN survey has a large beam (2′.6
half power beam), small clouds that possibly exist around SNRs would not be detected. Among
the six remaining SNRs, five (DEM L205, DEM L238A, N63A, DEM L316A, and SNR 0548–
70.4) show centrally brightened X-ray emission. This is generally caused by the dense ambient
medium for CCSNRs while in the case of Type Ia SNRs, the bright X-ray emission originates
from the reverse-shocked SN ejecta. The last remaining DEM L72 does not have any evidence
for the interaction. However, considering that the IR emission in DEM L72 is categorized as PAH
emission, the existence of PAHs indicates the presence of dense clumps because PAHs are otherwise
rapidly destroyed by shocks (Seok et al. 2012; Micelotta et al. 2010a). In summary, ten SNRs show
evidence of association with molecular clouds, and six show indirect indications of interactions with
a dense medium in part.
3.2.3. IR versus Radio
We compare the Spitzer 24 µm fluxes to the 4.8 GHz radio fluxes in the left panel of Figure
15. The 24 µm fluxes are moderately correlated to the 4.8 GHz fluxes (correlation coefficient
= 0.61), however the correlation is not as good as that seen in the AKARI 24 µm fluxes from
six SNRs (correlation coefficient = 0.98; Seok et al. 2008). The fluxes from whole SNRs (21 SNRs
including six in the AKARI study) can be approximated by a linear fit in a logarithmic scale,
F24µm = (0.89
+0.27
−0.21) × F4.8GHz. The measured slope is lower than that of the AKARI samples
(slope = 1.89; Seok et al. 2008) probably due to more diverse remnants in the present sample.
When the IR fluxes are compared with the radio fluxes, there is a well-known property for the ratio
of the IR-to-radio flux, qλ,IR = log(Fλ,IR/F1.4GHz) where Fλ,IR and F1.4GHz are continuum flux
densities at a given IR wavelength and 1.4 GHz (i.e., 21 cm), respectively. Then, q24 can be derived
using 4.8 GHz flux as q24 = log(F24µm/F1.4GHz) = log(F24µm/F4.8GHz) − αlog(4.8/1.4), where α
is the spectral index of an SNR (Fν ∝ ν
−α). Since the spectral indices of the LMC SNRs are not
well studied, we assume them to be 0.5 en bloc. The q24 of the individual SNRs ranges from −1.17
to 0.72, and the average q24 for the all LMC SNRs defined by, q24,avg ≡ log[Σ(F24µm)/Σ(F1.4GHz)]
is 0.14.
We investigate the ratio of the IR to the 4.8 GHz radio fluxes ([F24µm/F4.8GHz] and [F70µm/F4.8GHz])
for each SNR (Figure 15, right). Note that some IR fluxes are extracted from limited regions
while all radio fluxes represent the total fluxes. As expected from the wide range of q24, the
[F24µm/F4.8GHz] ratio varies considerably. However, it is noticeable that while the 24 µm flux
varies over four orders of magnitude (i.e., a few mJy to ∼ 104 mJy), the [F24µm/F4.8GHz] ratios
vary over ∼ 2 order of magnitude. There is a correlation between the ratios of 24 µm and 70
µm fluxes to the 4.8 GHz flux as seen at the correlation between 24 and 70 µm fluxes (Figure
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9). This correlation is well fitted by a linear function in a logarithmic scale as [F70µm/F4.8GHz] =
6.1+2.2−1.6 × [F24µm/F4.8GHz]. For this fitting, the IR fluxes estimated from the whole SNRs are only
used. We compare this result with the case of Galactic SNRs. The ratios of five representative
Galactic SNRs and the slope derived for Galactic SNRs in the MIPSGAL survey are overlaid in
Figure 15 (right). To derive the ratios of the Galactic SNRs, we take the IR properties of four
SNRs from Pinheiro Gonc¸alves et al. (2011) and of Cas A from Hines et al. (2004) and convert 1
GHz fluxes of the Galactic SNRs to 4.8 GHz fluxes using their spectral indices (Green 2009). A
correlation for Galactic SNRs is also measured by Pinheiro Gonc¸alves et al. (2011) using 1.4 GHz
fluxes instead of 4.8 GHz, of which slope is 1.2± 0.1. Assuming the spectral index is 0.5 (α = 0.5)
en bloc, we compare their correlation to ours. It seems that the LMC SNRs reasonably follow the
correlation of the Galactic SNRs, too.
Despite of the relatively good agreement between the ratios of Galactic and LMC SNRs, it
is found that there are some differences between them. The q24,avg (= 0.14) is smaller than that
of the Galactic SNRs in the MIPSGAL survey (q24 = 0.39 ± 0.11 excluding objects closer to H II
region, Pinheiro Gonc¸alves et al. 2011), so the correlation between 24 µm and 4.8 GHz fluxes for
the Galactic SNRs (F24µm = 4.55
+1.31
−1.02 × F4.8GHz) is also different from that for the LMC SNRs.
This discrepancy is directly depicted in both panels of Figure 15. By scaling the 24 µm and radio
fluxes of Galactic SNRs from Pinheiro Gonc¸alves et al. (2011) to the distance of the LMC (50 kpc),
the fluxes of the LMC SNRs can be compared to the fluxes of the Galactic SNRs. Figure 15 (left)
clearly shows that there are more IR faint SNRs in the LMC relative to the Galactic SNRs while
the radio fluxes of both SNRs are comparable. Except Cas A in Figure 15 (right), many of the
ratios of the LMC SNRs are lower than those of the Galactic SNRs. 3C396 is one of the Galactic
SNRs having the lowest ratio (Pinheiro Gonc¸alves et al. 2011), and the majority of the LMC SNRs
have ratios lower than that of 3C396. Section4.1 further discusses a possible explanation for the
fact that LMC SNRs are fainter in the MIR, but their radio fluxes are similar to Galactic SNRs.
In fact, q24 is often measured for galaxies because the MIR/radio correlation is well-known among
galaxies (e.g., q24 = 0.84± 0.28; Appleton et al. 2004). The q24 of the LMC SNRs is much smaller
than that of the extra galaxies. If the 1.4 GHz radio emissions of galaxies mainly originate from
synchrotron emission of SNRs, our result implies that only a small portion of IR emission can be
directly contributed from the SNRs (6%-20%).
4. DISCUSSION
4.1. Characteristics of IR SNRs in the LMC
One of the remarkable results in this study is the high detection rate of IR SNRs. 29 IR
counterparts out of 47 LMC SNRs are identified in the IRAC and/or MIPS bands, which yields
about a 62% detection rate. In the case of Galactic SNRs, 18 out of 95 SNRs were clearly detected in
the GLIMPSE survey (Reach et al. 2006), and 39 out of 121 SNRs were detected in the MIPSGAL
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survey (Pinheiro Gonc¸alves et al. 2011). Their detection rates are about 20% and 32%, respectively.
Even for the previous studies using the IRAS all-sky survey, about a 30% detection rate is obtained
for the Galactic SNRs (Arendt 1989; Saken et al. 1992). In comparison with these previous results,
the IR detection rate of the LMC SNRs seems to be interestingly high.
This high detection rate could be caused by either extrinsic or intrinsic aspects. One of the
apparent extrinsic effects is less IR confusion by the Galactic disk. Both the GLIMPSE and the
MIPSGAL surveys are restricted to the inner Galactic plane (|b| < 1◦), and contamination by
other Galactic sources is severe. Even if the IRAS all-sky survey includes whole Galactic SNRs,
back/foreground confusion is still a serious problem when disentangling IR emission associated with
SNRs from other emissions. Besides, due to the limited spatial resolution of IRAS, it was difficult
to identify small and/or faint structures. We compare the intensity distribution of the LMC and
the MIPSGAL SNRs detected in the MIPS 24 µm band (Figure 16). After scaling the fluxes of the
Galactic SNRs at the distance of the LMC (50 kpc), either using their known distances or assuming
the distances as 3 kpc, it is found that the median flux of the Galactic SNRs is higher than that of
the LMC SNRs (284 mJy and 88 mJy, respectively). This indicates that we detect more IR-faint
SNRs in the LMC, and in other words, there could be Galactic SNRs with faint IR emission that
elude detection.
Since there are physical and chemical differences between the Milky Way and the LMC, those
differences could intrinsically affect the IR emission from an SNR. The LMC is known to have a
lower dust-to-gas ratio and (lower) metallicity than the Milky Way (Pei 1992). Moreover, the dust
composition (graphite to silicate ratio, rc/rs) of the LMC is also known to differ from the Galaxy.
While rc/rs of the LMC is about 0.22, rc/rs of the Galaxy is about 0.9 − 0.95 (Pei 1992). This
different dust composition can affect the lifetime of dust in the postshock region. According to
calculations by Dwek et al. (1996), when a shock of v = 400 km s−1 is propagating into a dusty
medium with a preshocked density of n0 = 0.1 cm
−3, 21% of graphite is returned to the gas phase
while 29% of silicates are returned at NH = 1.25 × 10
18 cm−2. This indicates that silicate is
more rapidly destroyed by shocks, and dust in the LMC might be more easily destroyed than the
Galactic dust. However, more recent studies (e.g., Jones & Nuth 2011; Serra Dı´az-Cano & Jones
2008) propose that carbon dust is more readily destroyed than silicate dust. Thus, since there
is still an uncertainty regarding the destruction efficiency of dust components (and also the dust
compositions in the LMC), it is difficult to directly concatenate the destruction efficiency to the
intrinsic characteristics of the LMC.
As we have not found any intrinsic aspects to make a difference for the IR emission between
the LMC SNRs and the Galactic SNRs, more detection of IR LMC SNRs, precisely IR-faint LMC
SNRs, is most likely due to less confusion. Then, the lower slope of the IR-to-radio ratio (or lower
q24) for the LMC SNRs than those of the AKARI sample (Seok et al. 2008) or Galactic SNRs
(Pinheiro Gonc¸alves et al. 2011) could be explained by the additional detection of faint IR SNRs.
While the intensity of the radio continuum is primarily determined by the ambient density and
the magnetic field strength (Bandiera& Petruk 2010, and references therein), the intensity of the
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IR emission could be affected by more diverse conditions such as dust properties, shock velocities,
post-shock gas temperature, as well as the ambient density. This distinction can generate the
evolution of the IR brightness, different from that of the radio continuum. Hence, the detection
of a number of IR faint SNRs relative to their radio brightnesses can result in a lower q24 value,
although we cannot rule out any influences from the intrinsic differences between the LMC and the
Galaxy.
4.2. Origin of IR Emission in SNRs
As briefly mentioned in previous sections, there are four primary sources of the IR emission in
SNRs; ionic and/or molecular lines, thermal dust continuum emission, PAH bands, and non-thermal
synchrotron emission (e.g., Reach et al. 2006; Koo et al. 2007; Seok et al. 2008). Synchrotron emis-
sion can dominate IR emission over a wide wavelength range, but only for a peculiar case with a
strong pulsar wind nebula (PWN) such as Crab, and even then, it is insignificant. Although PAH
emission has not been detected toward various SNRs so far, a few SNRs have been reported to show
several PAH features (e.g., Tappe et al. 2006; Seok et al. 2012). Major PAH features at 3.3 µm, 6
to 8 µm, and 11.3 µm can contribute to the IR emission, but the PAH bands are often accompanied
with strong line emission in SNRs. Eventually, forbidden lines from the elements such as Ne, O,
Fe ions and/or pure rotational H2 lines usually dominate in the NIR bands and thermal emission
from collisionally-heated dust grains dominates in the MIR bands. In the IRAC bands (. 10 µm),
ionic/molecular line emission is usually a primary contributor. Representative ionic emission lines
are Brα 4.05 µm, [F II] 5.34 µm, and [Ar II] 6.99 µm, and there are various transitions of molecular
hydrogen emission lines (e.g., pure rotational lines such as v =0–0 S(19) 3.40 µm to S(3) 9.66 µm).
Dust continuum usually dominates IR emission at longer than ∼ 15 µm considering that typical
temperatures of dust in thermal equilibrium range from ∼ 40 to 100 K.
There are several direct or indirect methods to classify the dominant origin of the IR emission.
When IR spectra and/or narrow-band filter images are available, the origin can be identified di-
rectly. Otherwise, it is necessary to perform indirect classifications based on their IR colors and/or
morphologies in multi-wavebands. We compare the IRAC colors to the theoretical prediction of the
main emission mechanisms in the color-color diagram. In addition, we compare IR morphology to
X-ray and/or optical. When IR morphology is not well-correlated with its optical morphology but
rather with that of an X-ray, this can indicate that thermal dust emission is dominant in the SNR.
On the other hand, IR morphology would be similar to the optical when the line radiation from a
radiative shock is dominant. However, in case of the Balmer-dominated SNR, resemblance between
IR and optical often looks as good as that between IR and X-ray (e.g., Borkowski et al. 2006a), so
SNR characteristics such as SN type should be considered together. For a given SNR, the origin
of the IR emission can be different depending on the band, and thus we discuss IR emission in the
IRAC bands and MIPS bands separately. The estimated origins of the emission in the IRAC-bands
for individual SNRs are summarized in Table 4 and discussed in the next subsection.
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4.2.1. Origin of the Emission in the IRAC Bands
1. SNRs dominated by ionic/molecular line emission
To constrain the dominant origins of the IRAC emission, previous observations such as spec-
troscopy or narrow-band filter imaging are very critical. For SNRs whose IR spectra are obtained, it
is straightforward to examine the emission source. IR spectra of several LMC SNRs have been ob-
served by AKARI and/or Spitzer, and the archival data of four SNRs (N11L, N49, N63A, and SN
1987A) are available. N11L, N49, and N63A are previously suggested to be line dominated based
on their IRAC colors, and the Spitzer IRS spectra of N49 show strong ionic lines (Williams et al.
2006). We also confirm that the archival Spitzer IRS spectra of N11L and N63A show dominant
ionic lines. SN 1987A is only detected in the 5.8 µm and 8.0 µm bands, and its IRS spectra
show several ionic emission lines (Bouchet et al. 2006). In addition, previous studies of some SNRs
could give hints on the origin of IR emission. NIR spectra (1-5 µm) of N103B show the signature
of [Fe II] emission (Oliva et al. 1989), and N157B was previously suggested to be line-dominated
SNRs according to the AKARI data (see more details in Appendix A.23; Seok et al. 2008). Hence,
it is most likely that the IRAC band emissions of the above SNRs are ionic-line dominated, but it
is interesting that most of them have the IRAC colors similar to those associated with molecular
shocks. This suggests that the criteria for the origin of IRAC emission in the color-color diagram
is not sufficiently stringent, or that even ionic-line dominated SNRs might have IRAC colors asso-
ciated with molecular shocks. Even though SNRs are dominated by ionic line emission, it does not
necessarily mean that they are not associated with molecular shocks. In fact, the IRS spectra of
N49 and N63A clearly show several transitional H2 lines (e.g., Williams et al. 2006).
For the SNRs without IR spectra nor previous IR studies, we categorize the origins of their
IR emission based on the IRAC color-color diagram (Figure 11). As mentioned above, SNRs with
a mixture of ionic and molecular shocks such as N49 and N63A are located at the lower boundary
of the IR color range for molecular shocks (i.e., F3.6/F5.8 ≃ 0.3), so only SNRs with the IR color of
F3.6/F5.8 & 0.3 are regarded to be molecular line dominated (N86, DEM L241 western region, DEM
L256, north lobe of SNR in N159, and DEM L299). These SNRs usually show weak correlation with
optical emission. Among SNRs with lower F3.6/F5.8 ratios, the remnants of which IR morphologies
fairly correspond to the optical morphologies are classified as ionic line dominated SNRs (south shell
of SNR in N159 and DEM L316A/B). Although we could not measure the IRAC colors from the
whole of DEM L241 due to the absence of the 5.8 µm and 8.0 µm band emissions, the entire shell-like
structure seen in the 4.5 µm band corresponds well to that seen in optical (Figure 6, top row). This
suggests that the overall emission is dominated by ionic emission, and the bright western region
with the IRAC colors for molecular shocks is locally enhanced by molecular emission. In summary,
nine SNRs are dominated by ionic line emission, and four are dominated by molecular line emission.
Also, note that there could be several SNRs possibly having both ionic and molecular line emission.
2. SNRs dominated by PAH emission
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Five SNRs (SNR 0450–70.9, SNR in N4, DEM L72, SNR in N206, and DEM L249) are con-
sidered to be dominated by PAH emission based on the IRAC color-color diagram (Figure 11).
These SNRs show lack of correlation to the optical images and are well defined in the 5.8 and 8.0
µm bands. DEM L249 is somewhat contentious because it has the IRAC colors expected for either
ionic shocks or PAH emission. In terms of morphology, both IR and optical emissions show shell
structures with the enhanced emission in the east (Figure 6, second row). However, the locations
of the IR peaks along the eastern rim differ from those of the optical peaks, which is unlikely to be
ionic line-dominated. Further observations will enable us to clarify the origin of IR emission.
3. SNRs dominated by synchrotron emission
As the intensity of synchrotron emission follows a spectral energy distribution (SED) with
a power-law, Sν ∝ ν
−α, its IRAC colors are tightly constrained by its spectral index (Figure 11).
Also, IR morphology shows very good agreement with radio morphology. There are two confirmed
Crab-like SNRs in the LMC, N157B and N158A. Because the PWN of N157B is too faint to be
detected in the IR, the PWN of N158A is the only one seen at IR wavelengths. Since the flux of
N158A is extracted only from its PWN, its IR emission is naturally considered to be dominated
by synchrotron emission. B. Williams et al. (2008) show that its IRS spectrum is dominated by
synchrotron emission as well as continuum at wavelengths longer than 20 µm.
4.2.2. Origin of the Emission in the MIPS Bands
The IR emission in the MIPS bands (typically longer than ∼ 15 µm) are generally dominated
by dust continuum but can also be contributed by ionic/molecular emission lines (e.g., [O IV] 25.88
µm, [Fe II] 25.98 µm, or H2 0-0 S(0) 28.2 µm for the MIPS 24 µm band, [O I] 63.0 µm for the MIPS
70 µm band). The diffuse emission of all IR SNRs seen at 24 µm is more likely to originate from dust
emission. Two Type Ia SNRs (0509–67.5 and 0519–69.0) and two CCSNRs (N132D and SN 1987A)
have Spitzer IRS spectroscopy. SNR 0509–67.5 and 0519–69.0 are young, Balmer-dominated Type
Ia SNRs. Their shocks are very fast (≥ 3, 000 km s−1) and non-radiative (Ghavamian et al. 2007),
thus we do not expect strong IR ionic or molecular line emission. Their IRS spectra show no line
emission in both SNRs (B. Williams et al. 2011). The spectra of N132D and SN 1987A (10-30 µm)
also show dominant thermal dust continuum with small contributions from several ionic lines and
PAH emission (Tappe et al. 2006; Bouchet et al. 2006; Dwek et al. 2008).
Good spatial correlation between IR and X-ray indicates a dust emission origin. For example,
Type II SNRs, SNR 0453–68.5, N23, and N49B are middle-aged (0.5-2×104 yr) shell-type SNRs,
and their MIR morphologies are almost identical to the X-rays whereas their Hα images hardly show
any shell structures (Williams et al. 1999; B. Williams et al. 2006). The eastern shell-like structure
of DEM L205 and the southern shell of DEM L238 also show a similar spatial distribution between
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the MIR and X-ray emission, which leads to the origin of the IR emission as dust continuum.
In addition, three Type Ia SNRs, DEM L71, N103B, and SNR 0548–70.4 show morphological
correlations between IR and X-ray. DEM 71 and SNR 0548–70.4 are Balmer-dominated, and the
shell-like emission from the three remnants are more likely to be dominated by dust emission.
However, the bright central IR emissions of N103B and SNR 0548–70.4 seem to correspond better
to optical knots seen in their Hα images rather than the X-ray emission. This implies some
contribution from ionic-line emission. Similarly, in the case of N49B, the bright portion of the
southern shell and the clump in the eastern part show relatively bright Hα and [O III] emission
(Mathewson et al. 1983), thus there might be some contribution from ionic line emission in the 24
µm band.
In some cases, the 24 µm MIPS-band emission can be dominated by ionic emission lines rather
than dust continuum. The IRS spectra of N49 show abundant ionic lines from shocked gas without
considerable dust continuum, and it is found that the ionic lines such as the [O IV] line at 25.88
µm and the [Fe II] line at 25.98 µm can contribute up to 80% of the MIPS 24 µm emission of N49
(Williams et al. 2006). However, the 24 µm image shows a faint shell-like structure as seen in X-ray,
and the mid-to-far IR (M/FIR) data can be attributed to dust continuum with two temperature
components (Otsuka et al. 2010). Therefore, M/FIR emission at longer wavelengths is most likely
to be dominated by dust continuum even though MIR emission of some SNRs (. 30 µm) can be
dominated by line emission.
4.2.3. IR Origin and SN Type
The origin of the IR emission might be related to the SN type. While many CCSNRs have
IRAC band emission that can be dominated by line emission or PAH emission, Type Ia SNRs such
as DEM L71, SNR 0509–67.5, and SNR 0519–69.0 are only seen in the MIPS bands dominated
by dust emission. In general, Balmer-dominated Type Ia SNRs with fast and non-radiative shocks
cannot have associated ionic and/or molecular line emission. Also, complete destruction of PAHs in
these remnants is expected, due to fast shocks. However, a Type Ia SNR that had a more massive
progenitor, so called a “prompt” Type Ia, might have some contribution from other IR mechanisms.
While general Type Ia SNRs are isolated from dense environments, prompt Type Ia SNRs can be
located in dense circumstellar medium (CSM) like the well-known example for a prompt Type Ia
SNR, Kepler (Blair et al. 2007). The bright northwest filaments in Kepler are considered to be
dominated by radiative emission from the shocked CSM, and the strong [Ar II] line is detected
at 7.0 µm in the IRAC 8 µm band (Blair et al. 2007, and references therein). Because DEM
L238 and DEM L249 are suggested to be prompt Type Ia based on the X-ray spectral analysis
(Borkowski et al. 2006a), the environmental conditions could be similar to the case for Kepler.
In the case of DEM L249, the association between Hα and 8 µm(or 4.5 µm) emission is evident
(Figure 6), which implies the contribution of emission lines from its swept-up CSM. For DEM L238,
however, evidence of the contribution of emission lines is not clear because its NIR emissions in the
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IRAC bands are not detected, and the emission seen in the 24 µm band mission shows marginal
similarities to its optical emission (Figure 5). In conclusion, CCSNRs and prompt Type Ia SNRs
are more likely to have the IR emission of in the IRAC bands that originates from ionic/molecular
lines and/or PAHs while it is difficult to expect that normal Type Ia SNRs have such contribution.
Further observations are required to clarify the origin of the IR emission and the existence of the
dense CSM around SNRs.
4.3. Dust Heating and Shock Processing
Dust in SNRs can be heated by two physical processes, collisions and radiation. When a
fast, non-radiative shock is propagating into a dusty plasma, dust grains embedded in the X-ray
emitting plasma are heated mainly by electronic collisions (e.g., Dwek 1987). In this case, SNRs
show IR morphology very similar to X-ray morphology. On the other hand, when shocks become
radiative and can produce sufficient radiation in the shock front, the UV photons from the cooling
postshock gas are the dominant heating mechanisms for grains (Hollenbach & McKee 1979). The
radiative heating could become important particularly for SNRs interacting with a molecular cloud.
Further, the relative importance of collisional to radiative heating is dependent on the grain size
(Andersen et al. 2011); big grains are dominantly heated radiatively, but very small grains or PAHs
could be heated by collisions as well as by radiation.
When dust is collisionally heated by electrons in hot plasma and cools down radiatively, then
dust continuum is directly related to the physical properties of X-ray emitting gas. We follow
the dust cooling and heating model of Dwek et al. (2008). At a given size of a dust grain, a,
the collisional heating rate, H (erg s−1), is determined by the electron density, ne, and the gas
temperature, Te. When most electrons are stopped in a grain, the grain heating rate is given by
H ∝ a2neT
3/2
e . Above a certain gas temperature (Tc, critical temperature), electrons go through a
grain, and the grain heating rate becomes only dependent on ne, H ∝ a
3ne. The radiative cooling
rate, L (erg s−1), simply follows the Stefan-Boltzmann law, which gives L = pia2σT 4d 〈Q〉, where σ is
the Stefan-Boltzmann constant, Td is the dust temperature, and 〈Q〉 is the averaged dust emissivity
(〈Q〉 ∝ aT βd ). Consequently, when dust is in thermal equilibrium, H = L, dust temperature can be
expressed by
Td ∝
{
(ne/a)
γT
3γ/2
e , electrons stopped in grain (Te . Tc),
nγe , electrons go through grain (Te & Tc),
(2)
where γ ≡ 1/(4 + β) with the emissivity index, β ≈1-2.
Figure 17 depicts the equilibrium dust temperature (Td) as a function of the electron density
(ne) and the gas temperature (Te) for single-sized silicate dust grains (top panel for a = 0.01
and bottom panel for a = 0.1 µm).10 The critical temperatures (Tc) are 5 × 10
6 K and 3 × 107
10Contours in Figure 17 are actually simplified, and the original calculation can be found in Figure 1 of Dwek et al.
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K for a = 0.01 and 0.1 µm, respectively. Taking their X-ray properties from the literature, Te
and ne of LMC SNRs are overlaid. As a comparison, four Galactic SNRs are also shown. Their
X-ray properties are taken from Bamba et al. (2005) for the Cas A and Kepler (Chandra data),
Hwang & Gotthelf (1997) for Tycho (ASCA data), and Miceli et al. (2006) for W49B south (XMM-
Newton data). Uncertainties in Te and ne may be due to several factors. Spectral modeling is
generally required to derive the electron density and the temperature from observed X-ray spectra,
which needs various input parameters. Since the plasma properties of the LMC SNRs have not
been studied coherently, methods used for the model calculation can differ among previous studies.
Moreover, an explicit value of the electron density is not always given, and instead, the ionization
timescale, τ = ne × t (cm
−3 s), is often provided, where ne is the electron density and t is the
elapsed time after the hot gas was heated up. In those cases, we derive the electron density using
the ionization age (or SNR age). Also, the density is sometimes given in terms of
∫
n2edV so that
ne is proportional to the volume filling factor (∼ f
−0.5). We take a f -factor if a preferential value
is given in the literature, otherwise, we just assume f = 1. Detailed information of the electron
density and the temperature for LMC SNRs that we refer to is summarized in Table 5.
We examine any tendency between IR properties and X-ray properties in Figure 17. We
use colors of symbols to represent [F24/F70] of LMC SNRs and Galactic SNRs. The [F24/F70]
ratios are derived from the IR fluxes in Table 2, and the ratios of the Galactic SNRs are derived
from Hines et al. (2004) for Cas A, Blair et al. (2007) for Kepler, Ishihara et al. (2010) for Tycho
(AKARI 24 and 65 µm fluxes), and Pinheiro Gonc¸alves et al. (2011) for W49B. In addition, SNRs
without detected MIR emission are marked with triangles. SNRs associated with a high equilibrium
dust temperature, Td, tend to have high [F24/F70] ratios while those with a low Td tend to have low
[F24/F70]. This is not surprising because the dust continuum has a peak at a shorter wavelength
as dust temperature increases. Note that some SNRs have high [F24/F70] but have low equilibrium
temperatures or vice versa, and most of those SNRs have inconsistent IR morphologies with the X-
ray morphologies. This can occur if the MIR emission has contributions from line emission and/or
dust continuum by radiative heating rather than collisional heating, which is most likely related to
interactions between SNRs and nearby dense materials (see Section3.2.1). Moreover, most SNRs
with undetected IR emission are located in areas below Td of 50 K in the diagram based on their
ne and Te. Even if the SNR has a dust continuum at such a low temperature, it could be too faint
to be currently detected at 24 (and 70) µm. Although ne and Te that we adopt have uncertainties
and dependencies on the shock models and the assumptions in the references (see Table 5), Figure
17 shows that the equilibrium dust temperature derived from the plasma properties and the one
inferred from the observed MIR colors ([F24/F70]) are compatible (see also Figure 19).
Figure 18 shows the dependence of dust emission on the gas density directly, where we compare
the measured [F24/F70] with the electron density (ne). The general trend is in agreement with model
predictions in terms of good correlation between the ratios and the electron density, particularly for
(2008).
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those showing good spatial association between IR and X-ray emission. To compare with theoretical
models, we derive three cases according to the relations between the dust temperature and the X-
ray properties: (I) when Te & Tc (e.g., Te & 5×10
6 K for a = 0.01 µm, or Te & 3×10
7 K for a = 0.1
µm), the dust temperature only depends on the electron density given as Tdust ≃ 57×(ne/cm
−3)γ K
(solid line in Figure 18). If Te < Tc, dust temperature depends on the electron density, temperature,
and grain size. When grain size is (II) a = 0.01 µm at 106 ≤ Te ≤ 5 × 10
6 K (line-filled region
between the dotted lines) or (III) a = 0.1 µm at 106 ≤ Te ≤ 3× 10
7 K (solid-filled region between
the dashed lines), the dust temperature is given as Tdust ≃ 0.6 × [(ne/cm
−3)/(a/µm)]γT
3γ/2
e K.
Assuming β = 2, we adopt γ ≃ 0.17 for the all calculations. The temperature range is different
for two cases because the critical temperature is different depending on the grain size. Finally, we
calculate a flux ratio according to F24/F70 = κ24B24(Td)/κ70B70(Td) from Equation (1) with the
equilibrium dust temperature derived above for comparison to the observed ratios.
For small grains (∼ 0.01 µm), the critical temperature (Tc) is ∼ 5×10
6 K, which is lower than
the derived gas temperature for most SNRs. Thus, Case I is supposed to hold in this situation.
However, Figure 18 shows data scattering around the Case I prediction (solid line), which suggests
that this might not be the case. Then, the dust size must be large, and assuming the grain
size of 0.1 µm (Case III), the IR ratios of most SNRs can be well explained by Te ≃ 10
7 K. In
fact, many SNRs show gas temperatures in agreement with ∼ 107 K (Figure 17 and Table 5).
Previously, the dust destruction in four Type Ia SNRs (DEM L71, 0509–67.5, 0519–69.0, and 0548–
70.4) and four CCSNRs (N132D, N49B, N23, 0453–68.5) were examined (Borkowski et al. 2006a;
B. Williams et al. 2006, respectively). They described the Spitzer 70 µm to 24 µm flux ratios by
applying the same one-dimensional shock models taking into account the grain size distributions
appropriate for the LMC. Both showed that the models can reproduce the flux ratios only if they
include the effects of sputtering, destroying small grains (destroying most grains smaller than 0.03-
0.04 µm; Borkowski et al. 2006a). In fact, the SNRs in their samples are mostly well-aligned with
the Case III at Te = 10
7 K in Figure 18.
Furthermore, we directly compare the dust temperatures derived from the plasma properties
to those from the observed flux ratios (Figure 19). For the equilibrium dust temperature, the grain
sizes of both 0.01 µm and 0.1 µm are considered (shown as circle and triangle in the diagram,
respectively). Figure 19 shows that the dust temperatures derived from two different methods are
compatible with each other. In particular, the observed color gives values of the dust temperatures
closer to those derived from the dust model with a grain size of 0.1 µm (when Tdust & 60 K), which
supports that the dust model with a grain size of 0.1 µm (Case III) better explains the shocked
dust properties, rather than the model with a grain size of 0.01 µm (Case II).
However, it is worth noting that our conclusion is obtained based on the simplified dust prop-
erties. In particular, we only consider a single-sized dust population for simplicity, but the typical
interstellar dust grains have a power-law size distribution (Mathis et al. 1977). When dust grains
undergo SN shocks, the grain size distributions are also modified. If the shock is fast (≥ 400 km
s−1), small grains are preferentially destroyed by sputtering (e.g., Dwek et al. 1996). On the con-
– 21 –
trary, if the shock is slower (≤ 200 km s−1), grain shattering becomes important and large grains
are preferentially fragmented into small grains (e.g., Jones et al. 1996). In any case, dust popula-
tion with the grain size distribution results in a range of the dust temperature rather than a single
dust temperature. Another caveat in interpreting our data is that not all SNRs have fast shocks,
quite unlike the previous samples (Borkowski et al. 2006a; B. Williams et al. 2006). Some SNRs
with low [F24/F70] such as DEM L241 and DEM L316B in Figure 18 can predominantly experience
slower shocks (or radiative shocks). As they have relatively low gas temperatures (Te < 10
7 K
from Table 5), smaller grains are more likely to be preferred, which implies that dust shattering
would affect the grain size distribution. This is in agreement with the results that Galactic SNRs
interacting with molecular clouds show an overabundance of small grains due to dust shattering
(e.g., Andersen et al. 2011).
We also investigate the correlation between the grain size and SNR age. The SNR age is
designated by the size of the symbol in Figure 18. As SNRs get evolved and/or have interaction
with the ambient medium, the size distribution of the dust swept-up by SNR shocks could differ
from that of the dust in young SNRs. As mentioned above, the grain size distribution can be
affected by sputtering as well as shattering. One of the key physical properties to determine which
of the processes becomes dominant is the shock velocity. Thus, it is expected that sputtering
is more efficient for young SNRs while shattering is more efficient for mature SNRs. Since dust
sputtering is more effective in smaller size grains because of their larger surface-to-volume ratio
(e.g., Sankrit et al. 2010), destruction of small grains is expected for young SNRs. Even very
young CCSNRs with the age of 10− 100 yr, or so called transitional-phase SNe, show IR emission,
which can originate from circumstellar dust grains that have already experienced dust destruction
by sputtering (Tanaka et al. 2012). On the other hand, as SNRs evolve or interact with a dense
ambient material, shocks become slower, and shattering can produce smaller grains from larger
grains (e.g., Andersen et al. 2011). In Figure 18, we find that mature SNRs (& 104 yr) mostly have
low [F24/F70]. However, it is not straightforward to correlate the grain sizes in those SNRs and the
SNR ages. In fact, there is a wide range for [F24/F70] for mid-age SNRs (& 10
3 yr). We found that
both the ne and Te tend to decrease with the SNR ages, which indicates that there is degeneracy
in the attribution of the declining trend of the flux ratios with the SNR age to the evolution of the
grain size. Further studies of the grain size distributions in various SNRs are required to understand
the evolution of the grain size in an SNR.
5. SUMMARY
We present a statistical study of IR SNRs in the LMC. In this multi-wavelength analysis, we
use a vast amount of archival Spitzer data (from IRAC and MIPS instruments), to coherently study
the IR emission in LMC SNRs and to correlate it with other wavelength data for the first time.
1. 29 out of 47 SNRs in the LMC show detectable IR emission in the IRAC (3.6, 4.5, 5.8, and
8.0 µm) and/or MIPS (24 and 70 µm) bands. IR morphologies of 13 SNRs are firstly shown in the
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paper. All 29 SNRs show emission features in the MIPS 24 µm band, and most of them also have
similar morphologies at 70 µm. 19 SNRs show NIR emission in one or more IRAC bands. The
detection rate of IR SNRs in the LMC is remarkably high (∼ 62%) compared to that of Galactic
SNRs (∼ 30%). The major reason is likely to be less IR confusion by the Galactic disk, and we
cannot find any intrinsic difference between the LMC and the Galaxy that augments the detection
rate.
2. We found a linear correlation between the Spitzer 24 µm and 70 µm fluxes with a large
scatter. Assuming the MIR emission is mainly due to dust grains in thermal equilibrium, we com-
pare the observed 24 and 70 µm fluxes of the LMC SNRs with a modified blackbody (Equation (1))
using the dust mass absorption coefficient from the “average” LMC model (Weingartner & Draine
2001). Dust temperatures from 45 to 80 K and corresponding dust masses ranging from 0.001 to
0.8 M⊙ can reproduce the observed MIR fluxes of the LMC SNRs. The wide range of the dust
properties (i.e., the large scatter) may be related to the different dust heating mechanisms (colli-
sion or radiation) among SNRs. The MIR emissions of most SNRs in both MIPS bands (24 and 70
µm) are more likely to be emission from dust. For some remnants such as N49 or N63A, however,
previous spectroscopic studies have revealed a significant contribution from ionic lines to the 24
µm emission, and these SNRs have morphologies in the IRAC bands similar to the morphology in
the 24 µm band associated with the line emission.
3. Among 19 SNRs detected in the IRAC bands, we classify the origin of the IRAC-band
emission into four groups; nine by ionic line emission, four by molecular line emission, five by PAH
emission, and one by synchrotron emission. The classification is based on the IRAC colors and
their morphological comparison to X-ray, optical, and radio. Taking into account the previous
spectroscopic data, the origins of the IRAC-band emission of five SNRs (N11L, N103B knot, N49,
N63A, and N157B) and SNR N158A are classified as ionic lines and synchrotron, respectively, even
though all of them show IRAC colors for molecular shocks in the IRAC color-color diagram. This
indicates that the criteria to discern the origin of IRAC emission in the color-color diagram might
not be sufficiently stringent.
4. The MIR fluxes show a rough correlation with radio fluxes, and the ratios of 24 µm to 21
cm radio continuum fluxes (q24) are measured. The average q24 (q24,avg = 0.14) for LMC SNRs is
smaller than that of Galactic SNRs (0.39), which reflects that many LMC SNRs have relatively
fainter IR emission with respect to their radio brightness. In addition, q24,avg of the LMC SNRs
(0.14) is much lower than those measured from extragalactic galaxies (typically, & 0.8). This
indicates that only small portion of the total 24 µm emission in the LMC is contributed from the
SNRs.
5. Using the Chandra data and the XMM images in the literature, IR and X-ray morphologies
of 25 SNRs (out of 29) are compared. Nine SNRs show strong spatial correlations, four show
similarities with some minor differences, and 12 have considerable discrepancies. The discrepancies
are likely to result from the interaction with a dense ambient material. The 24 µm fluxes have
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a good correlation with X-ray fluxes, suggesting that the dust heating mechanism is physically
related to X-ray emitting hot plasma. The Spitzer [F70/F24] ratios tend to decrease as the X-ray
brightness increases. This can be explained by the variation of the dust temperature depending on
the electron density of hot plasma. In the hot plasma with a higher density emitting brighter X-ray
emission, dust grains are heated up to higher equilibrium temperatures due to more collisions.
6. The [F24/F70] ratios show strong correlation with the electron density, and the dust model
with a grain size of 0.1 µm can reproduce the observed ratios nicely. This could support destruction
of small grains by sputtering in these SNRs. Meanwhile, the small-sized grain population may
be favored for the mature SNRs with relatively low gas temperatures as dust shattering becomes
efficient. Further observational studies of the grain size distribution in SNRs of various evolutionary
stages will shed light on our understanding of the evolution of dust grains in an SNR.
This work is based in part on observations made with the Spitzer Space Telescope, obtained
from the NASA/IPAC Infrared Science Archive, both of which are operated by the Jet Propulsion
Laboratory, California Institute of Technology, under contract with the National Aeronautics and
Space Administration. We thank Sean Points for providing the flux-calibrated MCELS data and
Jae-Joon Lee for processing the archival Chandra data excluded in the Chandra LMC SNR catalog.
J.Y.S. thanks Hiroyuki Hirashita for his helpful discussions on the 8 and 24 µm flux correlation and
You-Hua Chu for useful comments to improve the manuscript. This work was partially supported by
Basic Science Research program (NRF-2011-0007223) through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, Science and Technology.
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Fig. 1.— Distribution of 47 bona fide SNRs marked on the MCELS composite image of the LMC
(Hα: red, [S II]: green, [O III]: blue). Circles represent positions of the SNRs, and their sizes reflect
the sizes of the SNRs. Colors of symbols indicate detection of IR emission from each SNR (yellow:
no IR detection, cyan: MIR only, green: N/MIR emission). The spatial coverages of the AKARI
LMC survey (red), the ATCA radio survey (green), and the Spitzer SAGE survey (white) are also
overlaid.
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Fig. 2.— From top to bottom: Spitzer images of SNR 0450–70.9, SNR in N4, SNR 0453–68.5,
and N11L. For each SNR, point source subtracted IRAC 4.5 and 8.0 µm, and MIPS 24 and 70
µm images are shown together with (flux-calibrated) MCELS Hα and Chandra X-ray images for
comparison. When there is no available X-ray data, the last column is left blank. Cross marks
in all frames denote the center position of each SNR listed in Table 1, and the scale bar in the
4.5 µm images (first column) corresponds 1′ or 15 pc at 50 kpc). Contours in the 24 µm images
(third column) are mostly from ATCA 4.8 GHz data which have half-power beam width (HPBW)
of 33′′(Dickel et al. 2005), levels are stated individually in Appendix. All images are smoothed with
a three-pixel Gaussian. The units on the colorbar are MJy sr−1 for the Spitzer images, ADU s−1
for the MCELS, and counts cm−2 s−1 for the Chandra. The MCELS images for three SNRs (SNR
0450, SNR in N4, and N11L) are flux-calibrated, so that they are in units of 10−5 erg cm−2 s−1.
Contours of N11L are from 5 GHz ATCA data with HPBW of 3′′.0 (Williams et al. 1999). North
is up, and east is to the left.
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Fig. 3.— From top to bottom: same as Figure 2 but for N86, DEM L71, N23, DEM L72, and N103B.
Contours of N23 and N103B are from different 4.8 GHz ATCA data observed by Dickel & Milne
(1998, HPBW: 10′′) and Dickel & Milne (1995, HPBW: 3′′.0), respectively. As DEM L72 is outside
of the ATCA survey, no 4.8 GHz contour is overlaid. Instead, contours in the Hα image represent
0.2 MJy sr−1 level of star-subtracted 8.0 µm image. Black crosses in the 4.5 µm image of N103B
are marked on the positions of knots discernible in Hα. The Hα image of N103B is from the Very
Large Telescope archive.
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Fig. 4.— From top to bottom: same as Figure 2 but for SNR 0509–67.5, SNR 0519–69.0, N132D,
N49B, and N49. Contours of N132D and N49 are from different 4.8 GHz ATCA data observed
by Dickel & Milne (1995, HPBW: 3′′.0) and Dickel & Milne (1998, HPBW: 10′′), respectively. The
Hα image of N49 is from the Hubble Space Telescope archive (Bilikova et al. 2007).
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Fig. 5.— From top to bottom: same as Figure 2 but for DEM L205, SNR in N206, DEM L238,
SN 1987A, and N63A. Contours of SNR in N206 are from different 4.8 GHz ATCA data (HPBW:
1′′.8) observed by Klinger et al. (2002).
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Fig. 6.— From top to bottom: same as Figure 2 but for DEM L241, DEM L249, DEM L256,
N157B, and SNR in N159. Black circle in the image of N157B indicates the position of pulsar. The
MCELS images of DEM L241 and DEM L249 are flux-calibrated, so that they are in units of 10−5
erg cm−2 s−1.
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Fig. 7.— From top to bottom: same as Figure 2 but for N158A, DEM L299, DEM L316A/B, and
SNR 0548–70.4. Black circle in the image of N158A indicates the position of pulsar. Contours of
N158A are from different 4.8 GHz ATCA data (HPBW: 2′′.7) observed by Manchester et al. (1993).
The MCELS image of DEM L316A/B is flux-calibrated, so that it is in units of 10−5 erg cm−2 s−1.
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Fig. 8.— Star-subtracted Spitzer images of 14 SNRs of which IR fluxes are measured in this
paper. Top row: SNR 0450–70.9 (8.0 µm), SNR in N4 (8.0 µm), N11L (4.5 µm), and N86 (4.5
µm). Second row: DEM L72 (8.0 µm), N103B (4.5 µm), SNR in N206 (8.0 µm), and DEM L238
(24 µm). Third row: DEM L241 (4.5 µm), DEM L249 (8.0 µm), DEM L256 (3.6 µm), and SNR in
N159 (8.0 µm). Bottom row: DEM L299 (5.8 µm) and DEM L316A/B (4.5 µm). Regions where
fluxes are extracted are marked in individual figures (white). In N103B and DEM L241, fluxes are
also measured for some specific areas which are marked by solid black lines. In SNR 0450–70.9,
the northwestern region excluded for the flux estimation is also marked (black dashed circle). The
units on the colorbar are MJy sr−1. For all images, north is up, and east is to the left.
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Fig. 9.— 70 µm flux vs. 24 µm flux for all IR SNRs in the LMC. Fluxes are measured from
either whole SNRs (filled symbol) or limited areas of SNRs (open symbol). Symbols represent SN
types (see Table 1): Type Ia (triangle), CCSNR (circle), and SNRs of unknown type (square).
Hereafter, symbol designation is applied in the same way for Figure 11-15. Dotted lines show a
grid of constant dust mass and constant dust temperature for modified black body emission. The
grid ranges of dust temperature and dust mass are from 40 to 100 K and from 0.0002 to 1.6 M⊙,
respectively. For comparison, the range of dust temperature from Galactic SNRs (45 and 85 K,
Pinheiro Gonc¸alves et al. 2011) is marked (dashed line).
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Fig. 10.— Distribution of LMC SNRs in the 8 µm and 24 µm flux plane. Symbol designation is the
same as Figure 9. We exclude SNRs with upper limits of 8 µm fluxes in the diagram for simplicity.
For comparison, fluxes of three Galactic SNRs are also shown when they are at the distance of the
LMC (star). Three theoretical models of Draine & Li (2007) for the LMC are overlaid varying dust
masses, Md = 1 M⊙ (solid line) and 100 M⊙ (dotted line). The three models have different PAH
mass fractions, qPAH = 0.75% (blue line), 1.49% (green line), and 2.37% (yellow line) with a range
of starlight intensities (diamonds; U = 0.1, 0.5, 1, 5, 12, and 25).
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Fig. 11.— IRAC color-color diagram ([F3.6/F5.8] and [F4.5/F8]) of the LMC SNRs. Colors of the
Galactic SNRs (Cas A, RCW 103, IC 443, and Crab Nebula/Pulsar) are shown for comparison
(open star). Symbol designation is the same as Figure 9. Expected IRAC color ranges for ionic
(green) and molecular (yellow) shocks, PAH emission (red), and synchrotron emission (purple) are
depicted based on Reach et al. (2006). For SNRs of which dominant mechanisms of IR emission
are previously known, their symbols are colored according to the above color classification.
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Fig. 12.— SNRs showing spatial discrepancy between IR and X-ray emissions. Spitzer 24 µm im-
ages are shown with contours from Chandra X-ray images (black contours), and CO contours from
MAGMA data are also overlaid (white contours). For SNR in N206, X-ray and CO contours are
white and black, respectively. CO contour levels are 0.25 to 1 K km s−1 at intervals of 0.25 K km
s−1, but CO levels in SNR in N159 are different as there is very strong CO emission around it (5 to
25 K km s−1 at intervals of 5 K km s−1). The cross marks the center position of each SNR listed
in Table 1, and the scale bar corresponds 1′ (i.e., 15 pc at 50 kpc). Pulsars in N157B and N158A
are denoted with circle. North is up, and east is to the left.
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Fig. 13.— Correlation between Spitzer 24 µm fluxes and X-ray fluxes. All X-ray fluxes are Chandra
(0.3-10 keV) fluxes from the Chandra SNR catalog, but we adopt XMM-Newton fluxes of DEM
L205 (0.2-5 keV) and DEM L241 (0.5-10 keV) (Maggi et al. 2012; Bamba et al. 2006). Symbol
designation except color is the same as Figure 9, but the symbol of N158A is filled here because
both the IR and X-ray fluxes are extracted from its PWN only. The color of symbols indicates
whether there is a strong (black), moderate (showing both similarities and dissimilarities, blue), or
poor (red) correlation between IR and X-ray morphologies. While all data with total fluxes (solid
symbol) can be fitted by a linear fit with a coefficient of 0.99+0.40−0.14 (dashed line), the fluxes from
those with a good spatial correlation is fitted by a linear fit with a coefficient of 0.43+0.14−0.11 (dotted
line).
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Fig. 14.— Spitzer [F70/F24] ratios vs. X-ray surface brightness. Symbol designation is the same as
Figure 13, but some filled symbols in Figure 13 become open because their flux ratios are measured
from the limited areas of the SNRs. The correlation between the ratios and the surface brightnesses
can be fitted by a function of [F70/F24] = 7.2
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X for all data with total fluxes (dashed
line) and by a function of [F70/F24] = 12.1
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(dotted line).
– 38 –
10 100 1000
4.8 GHz radio flux (mJy)
10
100
1000
10000
Sp
itz
er
 2
4 
µm
 fl
ux
 (m
Jy
)
0.1 1.0 10.0
[F
 24 µm/F 4.8 GHz]
0.1
1.0
10.0
100.0
[F
70
 µ
m
/F
4.
8 
G
H
z]
L238
L241
L249
L316A
N103B
N86
N159n
N11L
0450
N4
N159s
N206
L256
L299
L316B
L71
N23
0509
N132DN158A
L205
N49B
0548
0453
N49
N63A
0519
IC443
Cas A
3C396
RCW103
W49B
Fig. 15.— Left: correlation between Spitzer 24 µm fluxes and ATCA 4.8 GHz radio fluxes.
The fluxes from whole SNRs (solid symbol) are described by a linear fit of F24µm = 0.89
+0.27
−0.21 ×
F4.8GHz in a logarithmic scale (dashed line). For comparison, fluxes of the Galactic SNRs (star)
are overlaid which are scaled to the distance of the LMC (50 kpc). A correlation of Galactic
SNRs, F24µm = 4.55
+1.31
−1.02 × F4.8GHz, is derived from their average q24 of 0.39 ± 0.11 for upper
trend remnants (Pinheiro Gonc¸alves et al. 2011) assuming their spectral indices as 0.5 (dotted
line). Right: correlation between 24 µm and 70 µm fluxes normalized to 4.8 GHz radio flux of
each SNR. For SNRs having total IR fluxes, we perform a linear fitting of [F70µm/F4.8GHz] =
6.1+2.2−1.6 × [F24µm/F4.8GHz] (dashed line). As a comparison, ratios of five Galactic SNRs (RCW
103, W49B, IC443, 3C396, and Cas A) are shown (star). The correlation of Galactic SNRs in
the MIPSGAL survey (dotted line) is also plotted assuming that the spectral index is 0.5 (slope
= 1.2± 0.1; Pinheiro Gonc¸alves et al. 2011).
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Fig. 16.— Histogram of MIPS 24 µm fluxes estimated from LMC and Galactic SNRs. Only fluxes
measured from whole SNRs are used (i.e., 21 LMC SNRs and 25 Galactic SNRs). For the Galactic
SNRs, their fluxes are scaled to the distance of the LMC (50 kpc) either using their known distances
or assuming their distances as 3 kpc.
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Fig. 17.— Equilibrium temperature as a function of electron density (ne) and temperature (Te) for
silicate grains with a size of (a) 0.01 µm and (b) 0.1 µm. This figure mimics Figure 1 of Dwek et al.
(2008) in a simple way. A critical temperature (Tc) where dust temperature only depends on
electron density is marked at 5 × 106 K and 3 × 107 K for a = 0.01 µm and 0.1 µm, respectively
(dashed line). The electron densities and temperatures of LMC SNRs are plotted based on X-ray
observations from literatures, which are listed in Table 5. Filled and open circles designate SNRs
with good and bad morphological correlations between IR and X-ray emission, respectively. The
color of a symbol represents a [F24/F70] ratio as notified in a color bar. As a comparison, four
Galactic SNRs (Cas A, Kepler, Tycho, and W49B) are shown (star). LMC SNRs without detected
MIR emission are also superposed (triangle).
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Fig. 18.— Correlation between Spitzer [F24/F70] ratios and electron densities of LMC SNRs. Four
Galactic SNRs are also plotted (star). Designation and colors of symbols are the same as Figure
17, but note that only filled symbols (i.e., good spatial correlation between IR and X-ray emission)
are colored for emphasis. Size of a symbol represents the estimated age of an SNR, and note that
DEM L241 is marked with a symbol for 104 yr assuming it is middle-aged (Table 1). Theoretical
ratios are overlaid for three cases: (I) when electrons go through grains (i.e., Te ≥ Tc), Tdust ∼ n
γ
e
(solid line), (II) grain size a = 0.01 µm at 106 . Te . 5 × 10
6 K (line-filled region with a dotted
line boundary), and (III) grain size a = 0.1 µm at 106 . Te . 3× 10
7 K (solid-filled region with a
dashed line boundary). Te corresponding each line for Case II and III are shown on the top-right
side. See text for details.
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Fig. 19.— Comparison between equilibrium dust temperature derived from plasma properties and
dust temperature estimated from IR colors ([F24/F70]). For the equilibrium dust temperature, two
cases with a grain size of 0.01 µm (circle) and 0.1 µm (triangle) are derived from Equation (2)
(same as Figure 17). The dust temperatures from [F24/F70] are estimated adopting Sν ∝ Bν(T )ν
β
where β = 2. As Figure 18, colors of symbols represent the observed IR colors, and only those with
a good spatial correlation between IR and X-ray are colored. For a reference, we overlaid a linear
function of y = x in the diagram (dashed line).
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Table 1. SNRs in the Large Magellanic Cloud
SNR Other R.A. Dec. Size 4.8 GHz SN Age AKARI Spitzer Data
B1950 Name (J2000) (J2000) (arcmin) (mJy) Type (kyr) Detection Detection (I1-I4/M1/M2) Reference
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
0448–67.1 J0448–6659 04:48:25 -67:00:12 4.5×3.4 . . . . . . . . . N U S/S/S . . .
0449–69.4 J0449–6921 04:49:22 -69:20:25 2.0 56 . . . . . . N U S/S/S . . .
0450–70.9 0450–709 04:50:30 -70:50:05 7.7×5.3 380 . . . ≥ 45 N I1-M2 S/S/S 1
0453–66.9 SNR in N4 04:53:14 -66:55:42 4.3 102 . . . . . . N I1-M2 S/B/S . . .
0453–68.5 0453–68.5 04:53:38 -68:29:27 2.0 138 II(C) ∼ 13 N M1-M2 S/B/S 2
0454–67.2 SNR in N9 04:54:33 -67:13:00 2.8×2.2 39 Ia ∼ 30 N U S/B/S 3
0454–66.5 N11L 04:54:50 -66:25:37 1.4×1.0 65 II 7− 15 N I1-I3, M1-M2 CS/S/S 4
0455–68.7 N86 04:55:44 -68:38:23 6.5×3.5 167 . . . 20− 86 N I1-M2 S/BS/S 4
0500–70.2 N186D 04:59:56 -70:07:58 2.6×2.3 62 II ∼ 11 N U S/B/S 5
0505–67.9 DEM L71 05:05:42 -67:52:39 1.5×1.2 9 Ia ∼ 4.36 N M1-M2 B/S/S 2
0506–68.0 N23 05:05:55 -68:01:47 1.2×0.8 131 II ∼ 4.6 N M1-M2 S/B/B 2
0506–65.8 DEM L72 05:06:06 -65:41:08 6.4×4.7 . . . . . . ∼ 100 N I4-M2 S/S/S 6
0509–68.7 N103B 05:08:59 -68:43:35 0.50 238 Ia ∼ 1 N I1-M2 B/S/S 7
0509–67.5 0509–675 05:09:31 -67:31:17 0.56 38 Ia ∼ 0.41 S11-L24 M1-M2 B/B/B 7
0513–69.2 0513–692 05:13:14 -69:12:20 4.5×3.2 178 . . . . . . U U S/S/S . . .
0519–69.7 SNR in N120 05:18:44 -69:39:09 1.6×1.3 181 II . . . N U S/S/S 8
0519–69.0 0519–690 05:19:35 -69:02:09 0.55 55 Ia ∼ 0.61 S11-L24 M1-M2 B/B/B 7
0520–69.4 0520–694 05:19:44 -69:26:08 2.4×2.1 99 . . . . . . U U S/B/S . . .
0522–65.8 J0521–6542 05:21:39 -65:43:10 3.0×2.4 . . . . . . . . . N U S/S/S . . .
0523–67.9 SNR in N44 05:23:07 -67:53:12 3.5 126 II ∼ 18 U U C/C/C 5, 9
0524–66.4 DEM L175A 05:24:20 -66:24:23 4.1×2.8 98 II . . . U U S/B/S 8
0525–69.6 N132D 05:25:04 -69:38:20 2.0×1.5 1737 II(O) ∼ 3.15 S11-L24 M1-M2 Rh/B/S 2
0525–66.0 N49B 05:25:25 -65:59:19 2.5×2.3 263 II ∼ 10 S11-L24 M1-M2 B/B/S 2
0525–66.1 N49 05:26:00 -66:04:57 1.5×1.3 669 II ∼ 6.6 N3-L24 I1-M2 G/G/G 9
0528–69.2 0528–692 05:27:39 -69:12:04 2.7×2.0 87 II . . . U U S/B/S 8
0527–65.8 DEM L204 05:27:54 -65:49:38 4.5 88 . . . . . . U U S/B/S . . .
J0528–6727a DEM L205 05:28:05 -67:27:20 5.4×4.4 & 22 II ∼ 35 U I3-M2 CS/C/C 10
0531–70.2b J0530–7007 05:30:40 -70:07:27 3.6×3.0 96 Ia . . . N U S/S/S 11
0532–71.0 SNR in N206 05:31:56 -71:00:19 3.0 214 II(C) ∼ 25 N I1-M1 GoS/RB/RS 2, 12
0532–67.5 0532–675 05:32:30 -67:31:33 4.5 207 . . . . . . N U I/BI/I . . .
0534–69.9 0534–699 05:34:02 -69:55:03 1.7×1.4 74 Ia ∼ 10 U U B/B/S 2
0534–70.5 DEM L238 05:34:18 -70:33:26 2.9×2.5 79 Ia 10− 15 U M1 B/B/S 13
0535–69.3 SNR 1987A 05:35:28 -69:16:11 < 0.1 89 IIpec 0.025 N3-L24 I1-M2 D/DG/DG . . .
–
44
–
Table 1—Continued
SNR Other R.A. Dec. Size 4.8 GHz SN Age AKARI Spitzer Data
B1950 Name (J2000) (J2000) (arcmin) (mJy) Type (kyr) Detection Detection (I1-I4/M1/M2) Reference
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
0535–66.0 N63A 05:35:44 -66:02:14 1.4×1.2 657 II 2− 5 N I1-M2 C/C/C 9
0536–69.3 Honeycomb 05:35:48 -69:18:04 1.4×0.6 108 . . . . . . U U B/B/S . . .
0536–67.6 DEM L241 05:36:03 -67:35:04 2.4 139 II(C) . . . N I1-M2 I/B/B 14
0536–70.6 DEM L249 05:36:07 -70:38:37 3.0×2.0 64 Ia 10− 15 N I1-M2 B/BS/BS 13
0538–66.5 DEM L256 05:37:30 -66:27:47 3.6×2.8 67 . . . ≤ 50 N I1-M2 S/S/S 6
0538–69.1 N157B 05:37:48 -69:10:35 1.7×1.2 1923 II(C) ∼ 5 N3, S11-L24 I1-M1 Br/B/S 9
0540–69.7 SNR in N159 05:39:59 -69:44:02 1.8 972 II ≥ 18 U I1-M2 S/B/S 15
0540–69.3 N158A 05:40:12 -69:19:55 1.3×1.1 474 IIP(C) 0.76− 1.66 N3-L24 I1-M2 B/B/S 16, 17
J0541.8–6659a [HP99] 456 05:41:52 66:59:03 5.0×4.6 44 . . . ∼ 23 N U S/S/S 18
0543–68.9 DEM L299 05:43:10 -68:58:49 5.8×4.0 293 . . . . . . N I1-M2 MS/S/S . . .
0547–69.7 DEM L316B 05:46:59 -69:42:50 3.4×2.8 289 II ≥ 42 U I1-I3, M1-M2 B/B/S 19, 20
0547–69.7 DEM L316A 05:47:22 -69:41:26 2.0 143 Ia 27− 39 U I1-I3, M1-M2 B/B/S 19, 20
0548–70.4 0548–704 05:47:49 -70:24:54 2.0×1.8 43 Ia ∼ 7.1 S11-L24 M1-M2 B/B/BS 2
0551–68.4 J0550–6823 05:50:30 -68:23:22 5.2×3.5 316 II(O) . . . N U S/S/S 21
Note. — Columns 1–5: SNR names, alternative names, positions, and angular sizes from Desai et al. (2010). Angular sizes are mostly measured in optical, but
some are in X-ray/IR. Column 6: 4.8 GHz radio fluxes of SNRs measured in this work using the ATCA data (Dickel et al. 2005). See text for an explanation on the
flux measurement. See also note “a” below. Column 7: SNR type from literatures. Except Crab-like SNRs marked as “II(C)”, Type II SNRs are shell type SNRs of
core-collapse SN origin. Oxygen-rich SNRs are marked as “II(O)”. Column 8: SNR age from literatures. Columns 9–10: detection status by AKARI and Spitzer. If
IR emission is detected from the SNR, the detected filter name is given (AKARI: N3, S7, S11, L15, and L24, Spitzer: I1, I2, I3, I4, M1, and M2). Otherwise, U:
undetected and N: no data. Column 11: Spitzer data set we used for IRAC four bands, MIPS 24 µm, and MIPS 70 µm, respectively (I1-I4/M1/M2). In some SNRs,
two data sets are combined to achieve higher signal to noise ratios. Program ID and PI of each data set are given as follow; B: ID 3680, PI: K. Borkowski, Br: ID 1032,
PI: B. Brandl, C: ID 3565, PI: Y.-H. Chu, D: ID 30067 PI: E. Dwek, G: ID 124, PI: R. Gehrz, Go: ID 1061, PI: V. Gorjian, I: ID 249, PI: R. Indebetouw, M : ID 3578
PI: K. Misselt, R: ID 717 PI: G. Rieke, Rh: ID 3483 PI: J. Rho, S: SAGE survey, PI: M. Meixner. Column 12: references for SNR ages and types; (1) Williams et al.
(2004); (2) Lopez et al. (2011); (3) Seward et al. (2006); (4) Williams et al. (1999); (5) Jaskot et al. (2011); (6) Klimek et al. (2010); (7) Ages estimated from light
echoes by Rest et al. (2005); (8) Chu & Kennicutt (1988); (9) Williams et al. (2006); (10) Maggi et al. (2012); (11) de Horta et al. (2012); (12) Williams et al. (2005);
(13) Borkowski et al. (2006b); (14) Bamba et al. (2006); (15) Seward et al. (2010); (16) Park et al. (2010); (17) B. Williams et al. (2008); (18) Grondin et al. (2012);
(19) Williams & Chu (2005); (20) Nishiuchi et al. (2001); (21) Bozzetto et al. (2011).
aThese SNRs are newly identified by recent observations, which are not included in Desai et al. (2010). Their radio fluxes are measured in this work, but the flux of
DEM L205 is only extracted from where nearby Hii regions do not interrupt. The area for the radio flux measurement include the most part of the eastern shell for the
IR flux measurement. As the radio flux does not represent the total flux, it gives a lower limit.
bThe information is revised based on a multi-frequency study by de Horta et al. (2012).
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Table 2. Spitzer Fluxes of LMC SNRs
I1 I2 I3 I4 M1 M2 Area
SNR (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) Region (arcmin2) Reference
0450–70.9 28.2±0.31 27.1±0.35 149±1.4 367±1.4 249±4.6 5057±63 Whole 76.56 this work
SNR in N4 NE 18±0.1 12±0.1 102±0.4 276±0.5 307±1.6 5316±42 Northeastern region 6.25 this work
SNR in N4 S 3.6±0.07 2.3±0.09 22±0.3 50±0.6 39±0.9 578±32 Southern shell 3.22 this work
0453–68.5a . . . . . . . . . . . . 37.5±4 . . . Whole 4.71 this work
. . . . . . . . . . . . 13±1.3 250±50 Northern shell . . . 1
N11L 1.14±0.04 1.78±0.04 4.10±0.16 ≤ 3.4 13±0.75 132±21 Whole 1.68 this work
. . . 1.5 . . . < 8.5 . . . . . . Whole 0.73 2
N86 7.5±0.18 7.2±0.09 24±0.31 17.7±0.47 37±1.35 258±25 Northeastern region 3.98 this work
DEM L71 . . . . . . . . . < 1.06 88.2±8.8 455±94 Whole shell . . . 3
N23a . . . . . . . . . . . . 147±15 . . . Whole 1.69 this work
. . . . . . . . . . . . 100±10 240±50 Southeastern shell . . . 1
DEM L72 ≤ 3.2 ≤ 2.9 ≤ 31 74.9±0.69 48.0±2.2 1036±30 Whole 19.48 this work
N103B ≤ 7.5 ≤ 4.5 ≤ 41 ≤ 115 505±2 549±28 Whole 0.78 this work
N103B knb 0.8±0.02 0.9±0.01 3.4±0.06 10±0.2 . . . . . . knots 0.04 this work
0509–67.5c . . . . . . . . . < 0.2 16.7±1.7 < 32.7 Whole . . . 3
0519–69.0c . . . . . . . . . < 0.9 92.0±9.2 < 121 Whole . . . 3
N132D NWc . . . . . . . . . . . . 730±73 430±96 Northwestern shell . . . 1
N132D Sc . . . . . . . . . . . . 1000±100 770±170 Southern shell . . . 1
N49Ba,c . . . . . . . . . . . . 275±27 . . . Whole 7.43 this work
. . . . . . . . . . . . 43±4.3 395±79 Northern shell . . . 1
N49c 32 41 130 180 1500 10200 Whole 1.11 2
DEM L205 . . . . . . . . . . . . 115 ± 4 734± 129 eastern shell 3.43 this work
. . . . . . . . . . . . 660± 198 3400 ± 1020 eastern shell . . . 4
SNR in N206 3.35±0.04 2.42±0.05 16.1±0.19 30±0.3 24.5±1.3 ≤ 134 eastern shell 1.64 this work
DEM L238 ≤ 1.04 ≤ 0.92 ≤ 0.49 ≤ 0.48 10±0.4 ≤ 77 Whole 7.56 this work
SNR 1987Ac,d . . . . . . 2.44±0.19 7.48±0.19 29.8±1.7 . . . Whole ≤ 0.06 5
N63A 37 32 130 300 2300 7700 Whole 1.31 2
DEM L241 0.48±0.15 7.57±0.11 ≤ 2.2 ≤ 5.8 45.7±14 ≤ 1155 Whole 3.47 this work
DEM L241 W 3.5±0.06 3.7±0.04 9.6±0.3 26±0.8 . . . . . . western shell 0.5 this work
DEM L249 6.1±0.07 7.2±0.06 47±0.2 94±0.39 54±1.1 798±40 Whole 6.63 this work
DEM L256 0.40±0.03 0.39±0.03 1.30±0.12 1.27±0.16 5.1±1.6 108±14 Northern shell 0.57 this work
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Table 2—Continued
I1 I2 I3 I4 M1 M2 Area
SNR (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) Region (arcmin2) Reference
N157Bc 62 87 < 140 < 210 . . . . . . w/o southern clouds 1.20 2
SNR in N159 N 128±1.3 149±1.2 371±7 918±19 8078±551 10145±2858 Northern lobe 3.25 this work
SNR in N159 S 22±0.76 26±0.55 76.9±1.8 222±5.1 2464±133 4717±490 Southern shell 0.66 this work
N158Ac 1.77±0.23 2.19±0.27 3.61±0.46 5.10±0.74 13.19±3.95 < 366 PWN 0.03 6
DEM L299 6.67±0.11 7.99±0.12 17.7±0.4 97±1 94±3 1475±69 eastern shell 7.52 this work
DEM L316B 1.9±0.05 5.0±0.04 14.6±0.2 ≤ 2.4 24±1.4 597±37 Southern shell 3.34 this work
DEM L316A 2.8±0.04 6.1±0.06 23±0.19 ≤ 14 31±1 445±26 Whole 2.88 this work
0548–70.4a,c . . . . . . . . . . . . 42±4 . . . Whole 3.43 this work
. . . . . . . . . < 3.82 2.63±0.30 19.9±4.7 Northeastern shell . . . 3
Note. — IR fluxes of detected SNRs in the Spitzer bands. The uncertainty (1σ) is taking only statistical uncertainties of background fluctuation.
Upperlimits are 3σ. When necessary information does not exist in references, we mark it as ellipsis. References for the fluxes adopted from previous
works; [1] B. Williams et al. (2006): Fluxes only measured from the confined regions that are clearly bright at both 24 and 70 µm. [2] Williams et al.
(2006): Area on the sky (of SNR) for which flux densities are estimated and descriptions for some cases (N49, N63A, and N157B) are given in Table 2
of the reference. [3] Borkowski et al. (2006a) [4] Maggi et al. (2012) [5] Bouchet et al. (2006): [6] B. Williams et al. (2008)
a24 µm fluxes from the whole SNRs are newly measured by this work. Their 24 and 70 µm fluxes from the literatures are the fluxes from limited
areas where both band fluxes can be clearly extracted.
bKnots are no longer distinguishable in the MIPS bands.
cIR fluxes of these SNRs are measured by using the AKARI data, too (Seok et al. 2008).
dThe IRAC fluxes and the MIPS flux are observed on 6487 and 6184 days after the SN explosion. Radii used for aperture photometry were 4′′.8,
6′′.0, and 14′′.7 at 5.8, 8.0, and 24 µm, respectively (Bouchet et al. 2006).
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Table 3. 15 LMC SNRs with Morphological Differences between IR and X-Ray
SNR NANTENa MAGMAb Notec
N11L N N/A CO emission adjacent to the southern boundary
DEM L72d N N/A No CO emission observed
N49 Y Y CO emission come from northeast of the SNR
DEM L205d N/A N/A No CO emission observed
SNR in N206 N N/A CO emission adjacent to the southern boundary
DEM L238 N N/A No CO emission observed
N63A N N/A No CO emission observed
DEM L241d Y Y CO emission seen inside the SNR
DEM L249 N Y Weak CO emission at the southern part seen by MAGMA
DEM L256d Y N/A CO emission at the northern part detected by NANTEN
N157B Y Y CO emission at the southern part
SNR in N159 Y Y Strong CO emission across the SNR
N158A N Y CO emission near the northern boundary seen by MAGMA
DEM L316A/B N N/A CO emission adjacent to the northern boundary of B shell
SNR 0548–70.4 N N/A No CO emission observed
Note. — Among 29 SNRs with IR emission, 16 SNRs do not show a strong spatial IR-X-ray correlation.
Four out of 16 (N49, DEM L238, N158A, SNR 0548–70.4) show both similarities and differences.
aPresence or absence of CO emission near an SNR based on the NANTEN survey from (Table 1 in
Desai et al. 2010)
bPresence or absence of CO emission near an SNR based on the MAGMA survey (Y: Exist, Y: No emission
seen, N/A: No available data). Although N11L, SNR in N206, and DEM L316B are not directly covered,
CO emission is detected around them by the MAGMA survey.
cShort description about CO emission around SNRs.
dXMM-Newton X-ray images from literatures are used for comparison; DEM L72 and DEM L256 from
Klimek et al. (2010), DEM L205 from Maggi et al. (2012), and DEM L241 from Bamba et al. (2006).
Table 4. Origin of the IRAC-band IR Emission from SNRs
Origin SNR Total
Ionic line N11L, N103B, N49, SN 1987A, N63A, DEM L241a , N157B, DEM L316A/B 9
Molecular line N86, DEM L256, SNR in N159a , DEM L299 4
PAH 0450–70.9, SNR in N4, DEM L72, SNR in N206, DEM L249 5
Synchrotron N158A 1
aThe IRAC emissions of specific regions in these SNRs, the western region of DEM L241 and southern
shell SNR in N159 are more likely to be dominated by molecular or ionic line emissions, respectively.
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Table 5. Properties of X-Ray Emitting Plasma in LMC SNRs
SNR ne
a Te f
b IRc Note Reference
(cm−3) (keV) Factor Correlation
0453–68.5 0.73 0.29 . . . 0 . . . 1
SNR in N9 0.40 0.34 . . . 2 Average ne of several regions 2
N186D 0.1 0.58 . . . 2 . . . 3
DEM L71 2.7 0.65 . . . 0 . . . 4
N23 6.8 0.56 . . . 0 . . . 1
DEM L72sh 2.99 0.17 . . . 1 Shell 5
DEM L72h 0.1. . . 1 0.17 . . . 2 Hot center 5
N103B 3.16 1.0 . . . 0 Overall value of kT and ne 6
0509–67.5 1.6 1.9 . . . 0 . . . 4
0519–69.0a 3.4 2.1 . . . 0 Fainter portion of SNR 4
0519–69.0b 7.7 1.0 . . . 0 Three bright knots 4
N132D NW 40 0.61 . . . 0 . . . 1
N132D S 17 1.02 . . . 0 . . . 1
N49B 1.3 0.36 . . . 0 . . . 1
N49 E 0.48 0.44 . . . 0 Average of eastern region 7
DEM L205 6.7 0.25 . . . 1 . . . 8
SNR in N206 0.24 0.4 1 1 Hot gas region 9
0534–69.9 0.28 0.76 . . . 2 Average of central region 10
DEM L238sh 2.32 0.11 . . . 0 Shell 11
DEM L238c 2.89 0.8 . . . 2 Central region 11
SNR 1987A 6500 0.3 . . . 0 . . . 12
N63A 4.35 0.78 . . . 1 . . . 13
DEM L241h 0.28 0.39 . . . 1 Head region of diffuse emission 14
DEM L241t 0.27 0.35 . . . 1 Tail region of diffuse emission 14
DEM L249sh 0.56 0.36 . . . 1 Shell 11
DEM L249c 0.99 0.75 . . . 1 Central region 11
DEM L256sh 3.30 0.22 . . . 1 Shell 5
DEM L256c 0.2 0.22 . . . 2 Hot center 5
N157B 0.40 0.72 1 1 . . . 15
SNR in N159 0.46 0.59 0.3 1 . . . 16
N158A E 1.44 3.08 1 1 Eastern region 17
N158A SW 5.6 0.74 1 1 Bright southwestern region 17
J0541.8–6659 0.02 0.49 . . . 2 Soft thermal emitting region 18
DEM L316B 0.28 0.65 . . . 1 . . . 19
DEM L316A 0.30 1.4 . . . 1 . . . 19
0548–70.4 2.0 0.65 . . . 0 . . . 4
)
aIn some literatures, an ionization timescale (τ ) is given instead of an explicit electron density. In those
cases, ne is derived from τ = ne × t in this work. The value of t used for the estimation is explained in each
reference.
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bSome literatures give an expression of ne proportional to a volume filling factor (f). If a preferential f is
given, we adopt it or, otherwise, assume f = 1.
cMorphological correlation between IR emission and X-ray emission (0: consistent, 1: inconsistent, 2: no
IR emission detected). Four SNRs showing similarities and dissimilarities listed in Table 3 are categorized
as “consistent” here.
References. — (1) B. Williams et al. (2006, and references therein); (2) Seward et al. (2006); (3)
Jaskot et al. (2011): using an ionization age of 11,000 yr; (4) Borkowski et al. (2006a, and references
therein); (5) Klimek et al. (2010): XMM-Newton data; (6) Lewis et al. (2003): using t ∼ 1000 yr; (7)
Park et al. (2003): using a dynamical age of 6600 yr ; (8) Maggi et al. (2012); (9) Williams et al. (2005);
(10) Hendrick et al. (2003): with maximum mixing; (11) Borkowski et al. (2006b): using the SNR ages
(tSNR, DEM L238: 13,500 yr, DEM L249: 12,500 yr); (12) Dwek et al. (2008); (13) Warren et al. (2003):
using the SNR age of 3500 yr; (14) Bamba et al. (2006): XMM-Newton data; (15) Chen et al. (2006): using
an ionization age of 2000 yr; (16) Seward et al. (2010); (17) Park et al. (2010); (18) Grondin et al. (2012):
using the SNR age of 23,000 yr; (19) Williams & Chu (2005).
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A. BRIEF DESCRIPTION ON THE INDIVIDUAL SNRs
A.1. SNR 0450–70.9 (Figure 2)
SNR 0450–70.9 is one of the largest SNRs in the LMC. Its optical extent is 6′.5× 4′.7 (98× 70
pc at 50 kpc; Williams et al. 2004), and its IR size is seen even larger than those seen in optical or
radio. The IR emission corresponds well to the rim of the radio emission and can be detected in all
IRAC and MIPS bands. The overall morphology shows an elliptical shell. While the IR emission
in the west is continuous, only patchy emission is identified in the east. The brightest region in the
northwest contains a point source, which was identified as a source of IR cirrus (IRAS 04505–7052;
Strauss et al. 1992). To avoid any contamination by this IR source, the area near the source is
excluded for the flux estimation of the SNR (see Figure 8).
In optical, outer shell and interior filaments are shown, and a high [S II]/Hα ratio is detected
(Williams et al. 2004, and references therein). All observations are consistent with 0450–70.9 as a
mature SNR. Using theoretical models for thermal X-ray emission of the SNR, a lower limit of the
SNR age is derived as ∼ 45, 000 yr. No evidence of a pulsar/PWN has been detected at X-ray nor
radio, and there is no H II region or OB stars near this SNR (Chu & Kennicutt 1988). These facts
might prefer the origin of Type Ia SN, but more direct evidence is required to confirm the origin
of the remnant.
A.2. SNR in N4 (Figure 2)
The IR images of SNR in N4 show a bright northeast region and patchy emission at south. The
fragmentary emission seen at 24 µm is circularly distributed. An inward boundary of the bright
northeast region is noticeably sharp, which adjoins the boundary of the optical emission. The IR
emission of this region is distributed along the rim of the radio emission. In optical, an incomplete
shell with filaments is seen, but no emission related to the SNR is identified at south. Also, no
radio continuum is detected at south.
A.3. 0453–68.5 (Figure 2)
This middle-aged SNR (∼ 13, 000 yr) shows a clear shell structure at 24 µm that well cor-
responds to the X-ray morphology. There are several bright knots along the rim, and the shell
is filled with diffuse emission. Inside the shell, some bright emission is also seen at the center.
Recently, Gaensler et al. (2003) found the presence of a PWN at the center based on the radio and
X-ray observations. The PWN properties most closely resemble those of the Galactic SNR Vela,
and the elongated morphology of the PWN can indicate compression by the SNR reverse shock.
The enhanced IR emission at the center might be associated with the PWN, but it is necessary to
confirm it further. The bright emission seen at the southwest of the SNR is not related to the SNR.
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A.4. N11L (Figure 2)
Williams et al. (2006) report the IR emission of N11L at 4.5 µm of which morphology is very
similar to that seen in optical, while no emission associated with the SNR is detected at 8.0 µm.
Due to the limited spatial coverage of the observation, emission in the 3.6 and 5.8 µm IRAC bands
and all MIPS bands could not be distinguished. Using the SAGE data, we could examine all IRAC
and MIPS images and detect IR emissions in all bands except 8.0 µm. The IR shell of N11L
appears most clearly in the IRAC 4.5 µm band with a good spatial correlation with the optical
emission, which suggests that Brα λ4.05 µm can be dominant. We cannot confirm the existence of
Brα line emission because the IRS spectra do not cover wavelengths shorter than ∼ 5 µm, but the
IRS spectra at longer wavelengths do only show ionic emission lines with weak continuum, which
is consistent with the ionic-line origin for the IRAC band emission.
This SNR shows a shell morphology with signatures of a breakout toward the northeast.
Filamentary emissions protruding from the shell are seen in optical and IR bands, while diffuse
emission is distributed on the north of the shell in X-ray and radio. Besides the morphological
structures, optical echelle spectra of N11L suggest kinematic evidences that velocity profiles through
the shell and filamentary loops seen in an optical show rapidly moving material along the filaments
(Williams et al. 1999). The breakout in N11L can implicate a low-density cavity outside the SNR
surrounded by a structure on the western periphery of the N11 H II complex.
A.5. N86 (Figure 3)
N86 shows faint IR emission in all Spitzer bands, but the emission in the west of the SNR is
difficult to be discriminated from the emission of other sources. However, hook-shaped IR emission
in the east is discernible and shows a good correlation with optical and radio emissions. Similarly
to N11L, N86 has a large breakout to the north as well as smaller outflow structures around the
SNR, which can be seen in optical images (Williams et al. 1999). However, these features are not
detected in the IR bands.
Williams et al. (1999) found that a well-defined spherical expansion pattern and faint diffuse
X-ray emission in the breakout. The expansion velocity of the material breaking out to the north is
measured up to 100 km s−1 from the optical spectroscopy. The existence of hot gas and the faster
expending velocity indicate that material from the SNR is moving to a less dense medium through
the breakout. Although N86 is relatively away from H II complexes or superbubbles, the presence
of the breakout could imply a complicated structure of its local surrounding medium.
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A.6. DEM L71 (Figure 3)
DEM L71 is one of the Balmer-dominated SNRs in the LMC. It has a well-defined shell
morphology with the bright emission at the east and west limbs. The 24 µm morphology is in
good agreement with that of the X-ray. This SNR shows very faint emission in radio relative
to the IR emission unlike the other Type Ia Balmer-dominated SNRs (Table 1). Chandra X-
ray observations reveal a double-shock morphology consisting of a blast-wave interacting with the
surrounding ISM and a reverse shock heating ejecta at the central region (Hughes et al. 2003). By
optical spectroscopy, broad and narrow components of Hα emission have been confirmed, which is
a characteristic of nonradiative shocks in partially neutral gas (Ghavamian et al. 2003).
A.7. N23 (Figure 3)
The IR emission seen at 24 µm is highly asymmetric, showing bright emission in the southeast
but faint (or no) emission in the northwest. Such morphology is also seen in X-ray and optical
bands. This can be explained by a considerable gradient of the ambient medium density probably
due to the proximity to the open cluster HS114 which is located toward the southeastern side of
the SNR (see Hughes et al. 2006, and references therein). Recent Chandra observations reveal
the existence of a compact source detected in the hard X-ray band (> 2 keV; Hughes et al. 2006;
Hayato et al. 2006). The position of the source is nearly at the center of the remnant, which makes
its association with the SNR more plausible. This object can be a pulsar (or PWN) or a neutron
star related to the remnant although any observational evidence at different wavelengths, including
IR, cannot clarify the origin of the source.
A.8. DEM L72 (Figure 3)
IR images of DEM L72 show the emission of “L” shape in 8, 24, and 70 µm bands. The IR
emission is well enclosed with an optical shell. Since this SNR is outside of the ATCA survey,
and the morphology of the IR emission cannot be compared to that of radio continuum. Besides,
although Klimek et al. (2010) found that optical shell is filled with diffuse X-ray emission by us-
ing XMM-Newton data, however, the distribution of the X-ray emission is more enhanced in the
northwest where there is no IR emission detected. DEM L72 is one of the largest SNR in the LMC,
and faint filaments extending to the northeast from the bright optical shell are visible, especially
in [O III]. Taking them into account, the angular size of this SNR can reach up to 9′ (or 135 pc
at the distance of 50 kpc). Its age is estimated to ∼ 100 kyr, well into the relatively late stage of
SNR evolution. This SNR seems to have similarities to another evolved object, SNR 0450–70.9 (see
Appendix A.1), and further studies on these mature SNRs could improve our knowledge about the
last stage of SNR evolution.
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A.9. N103B (Figure 3)
In IRAC bands, only IR knots are detected above the background level (denoted by black
crosses in Figure 3, fifth row). The locations of the knots are well coincident with those of the
knots seen in Hα. Moreover, its IRAC colors are smaller than those for molecular shocks (Figure
11), and its NIR spectra show the signature of [Fe II] emission (Oliva et al. 1989). These facts
indicate that the NIR emission of N103B is dominated by ionic-line emission. IR emission of
N103B at 24 µm has a well-defined shell morphology, which shows good correlation to that seen
in X-ray. The IR emission is enhanced in the west, which can be seen in X-ray and Hα, too. The
70 µm image of the SNR also shows a shell-like structure, but the distribution of the emission is
somewhat different from that of the emission in 24 µm. The shell of N103B seen at 24 µm and
longer wavelengths is considered to be dominated by dust emission although ionic line emission
originating from the IR knots could contribute to some extent.
N103B is a young SNR (∼ 860 yr based on the light echo Rest et al. 2005) and is one of the
interesting objects among the LMC SNRs. Its proximity to the young star cluster NGC 1850 (∼ 40
pc) led that the progenitor of the SNR was a massive star from the cluster (Chu & Kennicutt
1988). Moreover, overabundance of O, Ne, and Mg seen in the XMM-Newton emission-line spectra
also supports the Type II SN origin (van der Heyden et al. 2002). However, a Chandra ACIS
observation reveals the distribution of the ejecta and the large mass of Fe (0.34 M⊙) that are in
favor of a Type Ia SN, rather than of a Type II SN (Lewis et al. 2003). More recently, Badenes et al.
(2009) suggested that N103B is associated with recent star formation and could be a “prompt”
Type Ia SN of which progenitor is relatively younger and more massive before the explosion. It is
expected that more detailed investigation on the IR emission could provide convincing evidence for
its progenitor.
A.10. SNR 0509–67.5 (Figure 4)
This remnant is one of the youngest SNRs in the LMC (∼ 410 yr, Rest et al. 2005), and its
X-ray spectra and Balmer-dominated optical emission indicate that it originated from Type Ia SN
explosion (Hughes et al. 1995). The MIPS 24 µm image shows a bright peak in southwest with a
diffuse shell, which coincides with the shell structure seen in both the X-ray and optical images
(Borkowski et al. 2006a). No emission is detected in the IRAC bands.
A.11. SNR 0519–69.0 (Figure 4)
Another young Balmer-dominated SNR 0519–69.0 originates from Type Ia SN explosion (Hughes et al.
1995; Ghavamian et al. 2007). A complete shell with three bright knots is clearly seen at 24 µm (and
70 µm), which has moderately good agreement with optical and X-ray morphologies.
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A.12. N132D (Figure 4)
N132D is a young, oxygen-rich SNR which is a subset of core-collapse SNe (Morse et al. 1995).
It is one of the brightest LMC SNRs in IR and shows a shell-like morphology as seen in the X-
rays. Enhanced emission is seen in southeast which is likely to result from the interaction with
a molecular cloud (Banas et al. 1997; Tappe et al. 2006). It is difficult to distinguish IR emission
from the SNR in the IRAC bands, but the northwestern knot named “West Complex” by the
previous optical observation can be noticed (Tappe et al. 2006). Besides, Spitzer IRS observations
reveal the dominant dust continuum with broad PAH emission at 15− 20 µm Tappe et al. (2006).
A.13. N49B (Figure 4)
This remnant is a CCSNR with an age of ∼ 10, 000 yr (Hughes et al. 1998; Park et al. 2003).
Its shell is clearly seen in the MIPS bands, which is very similar to the X-ray morphology. IR
emission along the limb is quite patchy, and the brightest peak is located at the southern rim. In
addition, some diffuse emission is also seen in the central region. No distinct emission is detected
in the IRAC bands.
A.14. N49 (Figure 4)
N49 is one of the IR bright SNRs in the LMC and shows bright emission over wide wavelengths.
Its Spitzer IRS spectra show abundant emission lines from shocked gas including strong ionic lines
(e.g., [Fe II] 5.34 µm, [Ar II] 7.03 µm) as well as modest molecular hydrogen lines (Williams et al.
2006). Although its IRAC colors are close to what is expected to molecular shocks, the IR spectra
clearly show that it is dominated by ionic line emission. Even IR emission in the 24 µm band,
the contribution from ionic lines can be up to ∼ 80%, but dust continuum is a dominant emission
source at longer wavelengths (Otsuka et al. 2010). IR spectra taken by AKARI and Spitzer also
show several PAH features (Seok et al. 2012), which is likely to relate to the interaction with a
molecular cloud (Banas et al. 1997).
A.15. DEM L205 (Figure 5)
DEM L205 is recently confirmed by new X-ray and radio data as an SNR (Maggi et al. 2012).
Although the remnant is confused by the bright emission of the H II complex (LHA 120-N 51) on
the western side, the optical image clearly shows an arc of a shell-like structure which can also
be discernible in the 24 µm band. The shorter wavelength images seem to show some associated
emission, but it is not clear because of the confusion with other emission. Maggi et al. (2012)
measured 24 and 70 µm fluxes, but the result depends strongly on the background fluxes. We
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measured the background from both sides of the arc region, and our 24 and 70 µm fluxes (115 and
734 mJy) are smaller compared to the fluxes of Maggi et al. (2012).
A.16. SNR in N206 (Figure 5)
IR emission of SNR in N206 is not isolated from that of its surrounding medium, which makes
it difficult to disentangle IR emission associated with the SNR from other emission. While no IR
emission associated with the SNR is detected in the north, patchy shell-like emission is identified,
which spatially corresponds to the well-defined optical shell. The southern areas are confused by
the bright ambient medium (possibly periphery structures of N206 H II region), so the eastern rim
is only used for its flux estimation. While bright X-ray emission is observed at the center of the
SNR, IR and optical (and radio) emissions mostly show shell-like morphology. This fact makes
the SNR categorized as “mixed morphology” SNR. Recently, Williams et al. (2005) performed new
radio observations by using the ATCA and found an elongated, radially oriented feature across the
SNR. In the Chandra images, X-ray emission associated with this radio feature is also detected,
which suggests that this feature originates from a PWN.
A.17. DEM L238 (Figure 5)
We could detect distinct IR emission of this SNR only at 24 µm. Although the emission at
24 µm is somewhat confused by surrounding emission, the southeastern shell and the northwestern
shell are distinctly identified showing good correlation to a shell seen in optical. As the northern
shell in optical is brighter than the southern, the IR shell also shows the same tendency. This
enhancement might be explained by the fact that SNR shocks encounter denser mediums in the
north. Besides, the IR shell is in moderate agreement with the faint X-ray shell, but the X-ray
emission has a bright central region unlike the IR.
This is a moderately old (∼ 104 yr) SNR with high Fe abundances in X-ray spectra (Borkowski et al.
2006b). This Fe overabundance suggests that DEM L238 is a result of a Type Ia explosion. In view
of a Type Ia SN, the presence of Fe-rich ejecta at the center of this SNR is unexpected, because usual
Type Ia SNRs have faint ejecta emission in the middle stage of their evolution. This fact might
indicate that a dense CSM is present around the progenitor, which is one of the characteristics for
more massive Type Ia progenitors (“prompt” Type Ia).
A.18. SN 1987A (Figure 5)
SN 1987A is only detected in the 5.8 µm, 8.0 µm, and 24 µm bands, and the detail structure
seen in optical cannot be resolved by Spitzer
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ionic emission lines such as [Ne II] 12.81 µm and [Ne III] 15.56 µm (Bouchet et al. 2006). The dust
emission is most likely to arise from astronomical silicate particles with the dust temperature of
∼ 160 K. Recent observations by Herschel Space Observatory reveal FIR emission with a peak at
150− 200 µm. The detection of the FIR emission suggests a population of cold dust grains with a
temperature of ∼ 20 K and a dust mass of 0.4− 0.7 M⊙. This amount of dust mass is sufficient to
support that SNe can produce the large dust masses observed in dusty galaxies at high redshifts.
A.19. N63A (Figure 5)
N63A is located in the periphery of a lager H II region, N63, and it is a relatively young
SNR (2000–5000 yr; Hughes et al. 1998). In all Spitzer bands, a three-lobed structure is seen,
which is also observed in optical (e.g., Williams et al. 2006). We can confirm that the archival
IRS spectra of the three-lobed region shows dominant ionic lines with several H2 lines and PAH
features. Characteristics of the three lobes are interesting, because the two eastern lobes show
evidence of shock ionization (e.g., high [S II]/Hα ratio) while the western lobe shows that of
photoionization (Levenson et al. 1995). However, the IR SED of the western lobe is unexpectedly
similar to the SED of the eastern lobe, and the northeastern lobe shows the most different SED
from the others (Williams et al. 2006). N63A also shows a diffuse but clear shell-like structure that
well corresponds to the morphologies seen in radio or X-ray (e.g., Dickel et al. 1993; Warren et al.
2003). In particular, crescent features seen in X-ray faintly, but apparently, appear at 24 µm. The
faint shell emission probably arises from dust grains collisionally heated by shocks.
A.20. DEM L241 (Figure 6)
IR images of DEM L241 show a shell-like structure with looped filaments inside, which is
similar to that seen in optical. In particular, the 4.5 µm image depicts the IR shell most clearly.
The enhanced emission in the western rim is visible in all Spitzer bands, while other structures
are distinct in only few bands. The western rim is largely brighter than the eastern rim, which
might result from the denser medium in the west. The bright emission region in the north is an
H II region, so that area is excluded for the flux estimation.
Recent XMM-Newton data reveal the head-tail structure of X-ray emission with a point source
in it (Bamba et al. 2006). The luminosity and spectrum of the source indicates that the source
could be a PWN of DEM L241. Moreover, overabundance in O and Ne with the existence of a
nearby OB association (LH 88) implies a very massive progenitor of the SNR with more than 20
M⊙.
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A.21. DEM L249 (Figure 6)
DEM L249 shows a circular shell morphology with some extended emission to the north from
the shell in all Spitzer bands. In the 3.6 and 4.5 µm images, faint diffuse emission can be identified
after subtracting emission from point sources. The eastern rim is brighter than the western rim,
and several bright knots are present along the eastern rim. Asymmetric brightness between the
east and the west is also seen in the optical morphology, but the locations of IR peaks on the rim
are different from those of optical peaks. Although overall distribution of X-ray emission shows
similar extent to the IR shell, bright central emission surrounded by diffuse emission is observed.
This SNR has similar features in X-ray emission to DEM L238 such as bright central emission
with high Fe abundances (Borkowski et al. 2006b, ; see also §A.17). These facts suggest that DEM
L249 is a result of Type Ia explosion with a relatively massive progenitor. Further investigation is
required to convince the origin of this SNR, and studies of DEM L249 together with N103B and
DEM L238 could disclose the evolution of “prompt” Type Ia SNR and their influences to ambient
media.
A.22. DEM L256 (Figure 6)
Since there are several H II regions (DEM L251, 253, and 264) in the vicinity of DEM L256,
the IR emission associated with the SNR is somehow confusing. This SNR has well-defined double
shell morphology in optical, and the IR emission corresponding to the northern part of the outer
shell can be designated in all Spitzer bands. In the IR images, a bright clump lies on the extended
emission in the west, which has a counterpart in optical. This clump is located just outside of
the inner shell and is along an extension of the outer shell. In fact, the clump is known to have
lower [S II]/Hα ratio (< 0.4) unlike the other filamentary shells have much higher values (> 0.7;
Klimek et al. 2010). This indicates that the clumpy emission is not associated with the SNR, so
the bright emission seen in IR bands also originates from other sources. Although the northern tip
of the extended emission in the west has a good coincidence with the inner optical shell, we only
used the northern shell for the flux estimation to avoid any contamination from the bright source
in the west.
The two nested shells of DEM L256 invoke the bilobed structure for this SNR. Moreover, two
expansion velocities observed in an echelle spectrum support this scenario (Klimek et al. 2010).
X-ray images taken by XMM-Newton show much enhanced emission toward the outer half-shell
(the eastern shell). The X-ray emission generally trace the Hα filaments. The edge where strong
Hα emissions at the systemic velocity are seen together with corresponding X-ray emission, which
might indicate that the SNR is encountering dense materials.
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A.23. N157B (Figure 6)
The Crab-like SNR N157B was previously suggested to be a line-dominated SNR, according
to the AKARI data (Seok et al. 2008). IR emission associated with the PWN is not detected
because the emission expected from the synchrotron emission is lower than the detection limit.
The brightest IR emission in the SNR region does not originate from the SNR itself, but from the
nearby molecular cloud, though some filamentary structures are similar to its Hα-emitting nebula.
This can infer that the IR emission has the origin of ionic-line emission.
A.24. SNR in N159 (Figure 6)
SNR in N159 is located in the H II complex N159 that contains several bright emission regions,
which makes it difficult to define the SNR emission. The optical morphology of the H II complex
is similar to the shape of the number “8” consisting of northern (N) and southern (S) lobes, and
only the SNR emission in the N lobe was previously known by detecting the fast expending shell
(Chu et al. 1997). Recent Chandra observations with the MCELS data, Seward et al. (2010) can
define larger SNR emission including the emission in the S lobe. After removing scattered emission
from the nearby bright source LMC X-1, X-ray emissions overlapping with the N and the S lobes
are identified.
IR emission in N159 shows very complicated morphology; it largely has a circular shape with
several sharp filaments and some bright clumps in the middle. The two bright regions in the middle
are not associated with this SNR, which are well defined by radio continuum and no X-ray emission
(Seward et al. 2010). The clump in the east is a bright H II region called Papillon Nebula. A thin
filament correlated with the S lobe is shown in all Spitzer bands, and a small shell-like structure
with several filaments is found in the N lobe. For the flux estimation, we masked out the two bright
regions in the middle and measured fluxes from the N lobe and the filament in the S lobe separately
(see Figure 8).
A.25. N158A (Figure 7)
N158A is one of the well-known Crab-like SNRs in the LMC. There is a PWN at the center
of the remnant, which is detected as a point source in the all bands of AKARI and Spitzer. No
distinct emission from the shell is found unlike that seen in X-ray or radio, but some diffuse emission
might exist along the southern rim of the X-ray shell. The Spitzer IRS spectroscopy to the PWN
reveals an excess of IR emission at longer than 20 µm from synchrotron emission expected from
the radio and optical power laws (B. Williams et al. 2008). The continuum is attributed to a warm
dust component with a temperature of ∼ 50− 65 K, and the origin of the excess is more likely to
SN synthesized dust heated by shocks generated by the PWN.
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Its IRAC ratios slightly differ from the theoretical calculation (Figure 11). This might result
from the contribution of emission lines, for instance, [Fe II] λ5.34 µm in the 5.8 µm band and
[Ar II] λ6.99 µm in the 8.0 µm band while there is no strong line contribution to the 3.6 µm and
4.5 µm bands (see IRS spectrum in B. Williams et al. 2008). Such emission lines are also seen in
the Crab nebular, and the origin of line emission is most likely to be dense clumps of ejecta swept
up by highly radiative shocks.
A.26. DEM L299 (Figure 7)
SNR DEM L299 is located on the northwestern periphery of the ring-shaped nebula, DEM
L299. IR emissions of DEM L299 in the IRAC bands are sporadic, and extended emissions from
other sources in the west possibly obscure the emission from the SNR. The cavity seen in the 24
µm image is well confined by the shell seen in Hα. The patchy emission in the east has correspon-
dence with the eastern rim in optical, which leads us to associate the emission with the SNR. The
bright extended emission in the northwest originates from an H II region photoionized by a star,
Sk–68 155 and a young stellar object (Desai et al. 2010, and references therein). Since this emission
is not associated with the SNR and might be extended to the south, we only measure fluxes from
the eastern rim.
A.27. DEM L316A/B (Figure 7)
The DEM L316 system shows an interesting double shell structure. Both SNRs show clear
shell-type morphologies in optical, while their X-ray images show centrally brightened emission
with diffuse emission and several clumps. Their IR emissions are quite confusing; L316A (the
northeastern shell) shows a wedge-shape structure in the east with some confusion in the north.
In the case of L316B (the southwestern shell), the southern rim has good correspondence with the
optical shell while the northern region of L316B is hardly discriminated from contamination by
other emissions.
DEM L316A and DEM L316B were firstly thought to be colliding with each other because
of their spatial adjacency (Williams et al. 1997). Later, their progenitor types were, however,
suggested to be different based on the spectral X-ray features (L316A: Type Ia and L316B: Type II,
Williams & Chu 2005), which makes the collision between two SNRs doubtful. Toledo-Roy et al.
(2009) performed hydrodynamic simulations to delineate the observed X-ray features. It is found
that a non-colliding condition including thermal conduction can reproduce X-ray emission in good
agreement with observational results. Their results are also in favor of the non-colliding case, so
one of the remaining questions is how two different types of SNRs can be formed in vicinity.
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A.28. SNR 0548–70.4 (Figure 7)
The IR emission of this remnant is only detected in the MIPS bands, and no emission can be
distinguished at shorter wavelengths. A shell-like structure seen in X-ray can be discerned in the 24
µm image, and a bright clump is also shown inside. The clump might be an IR counterpart of the
bright X-ray emission on the western side, but its location has a better agreement with the optical
emission rather than with the X-ray emission. SNR 0548–70.4 is a middle-aged Type Ia SNR based
on the Balmer-dominated optical emission and Fe-overabundant X-ray spectra (Hendrick et al.
2003).
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